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Nickel oxide/hydroxide represents a very important family of pseudo-capacitor 
electrode material as well as a promising candidate for electrochemical energy 
storage. However, the capacitance, the rate capability as well as the energy 
density need improving. In this thesis work, a novel ternary metal 
oxide/hydroxide, i.e. nickel copper oxide/hydroxide, as supercapacitor electrode 
material has been initiated and studied systematically.  
The main objective to boost the supercapacitor performance of pristine nickel 
oxide/hydroxide has been achieved. This work fills some gaps, in both 
experimental data, knowledge and its application, among the reported nickel 
based ternary oxides for supercapacitors. The improvement originates from the 
synergistic effect and may be ascribed to the high activity of copper as well as the 
improved conductivity. An effective and simple approach (copper incorporation) 
is proved effective to modify and elevate the overall supercapacitor performance 
of nickel oxide/hydroxide binary system. It also consolidates the concept of 
copper incorporation and represents an imperative step towards the development 
of superior supercapacitor electrode materials. 
An improvement in specific capacitance and energy density is obviously 
achieved for nickel copper oxide, when comparing pure nickel oxide also directly 
growing on nickel foam. The specific capacitance for nickel copper oxide directly 
grown on nickel foam is 1903 F g
-1
, while that of pure nickel oxide is 1400 F g
-1
 
at 5 mV s
-1
. An increment of 40% has been witnessed. Another advantage is that 
the rate capability is elevated and the cycling decay is alleviated. . 
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To achieve environmental-friendly synthesis of nickel copper hydroxide, a 
method proposed in this work led to a successfully growth of hydrophilic metal 
oxide on hydrophobic carbon fiber paper without the addition of other chemicals 
except for the metal salts by adding ethanol. This solved the problem of poor 
growth or coverage of nickel copper hydroxide on carbon fiber paper. 
Extraordinarily, the energy density value per total weight of both electrodes and 
two pieces of carbon paper substrates in the device reached 33 Wh kg
-1
 at a power 
density of 170 W kg
-1
. And the energy density maintained at a value of 28 Wh kg
-
1
 at a power density of 651 W kg
-1
.  
An optimization for a direct growth of nickel copper oxide on lightweight 
flexible carbon fiber paper has been attempted. Notably, the capacitance reached 
197 F g
-1
 at 0.5 A g
-1
 (4 mA cm
-2
) for the asymmetric supercapacitor full cell 
device, and the value does not decrease much, becoming 109 F g
-1 
per total mass 
of the active materials and substrates. The full cell delivers an energy density of 
40 Wh kg
-1
 per total mass of the active materials plus substrates, which is highly 
competitive with the record high asymmetric supercapacitor devices. 
In addition to the achievement in high performance, this thesis has also 
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Chapter 1 Introduction 
1.1 Supercapacitors as one of energy storage devices  
Unquestionably, energy storage is one of the great challenges in the twenty-first 
century. In response to the rapidly increased energy consumption due to human 
civilization, which causes fossil-fuel shortage and ecological deterioration, 
renewable energy sources become either a viable alternative or a supplement to 
fossil fuels and nuclear energy. In order to buffer the intermittent availabilities of 
wind/solar energy sources, the development of other kinds of advanced high-
performance energy storage and conversion devices brooks no delay. Extensive 
and intensive study has been carried out on batteries, supercapacitors (SCs) and 
fuel cells, which are the three major energy storage devices in these years. 
[1] 
Each 
of them has its unique merits and become complement or supplement to each 
other. 
Supercapacitors (SCs), also known as electrochemical capacitors (ECs), have 
many advantages.
[2]
 The most intriguing one is the ultrahigh power density 
resulting from the fast charge-discharge.
[3]
 Besides, the long cycle life, 100-1000 
times longer than batteries, inevitably earns itself an important place in all of the 
energy storage devices.
[4]
 Moreover, simple principle and relatively cheap 
materials simplify the application and reduce the cost. Another important 
advantage of ECs is that in general, they do not contain hazardous or toxic 
materials and that they are easy to dispose. They do not need any servicing during 
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their life. All of the abovementioned assets open various directions for the 
applications of supercapacitors. 
1.2 Electrode materials for supercapacitors 
Supercapacitors, similar to batteries, convert chemical energy to electric energy. 
They consist of two electrodes on current collectors, dielectric separator, 
electrolyte, and a packaging part.
[5] 
Current collectors are usually conducting 
substrates, such as metal foams or carbon-based conductors, connecting electrode 
materials and electric wires. The electrolytes of supercapacitors can be aqueous or 
organic. Innovative electrode materials are prominent elements of supercapacitors. 
Materials hold the key to new generations of supercapacitors.
[6] 
Supercapacitors can be categorized into two types based on their charge-storage 
mechanisms.
[7]
 One type is EDLCs (electric double-layer capacitors). In EDLCs, 
two layers of ions with opposite charges are physical adsorbed/desorbed at the 
electrode/electrolyte interface. Different from EDLC, pseudocapacitors are 
faradic in origin, involving fast and reversible redox reactions on the electrode 
surface. 
Overall, a variety of electrode materials, such as carbon-based materials, 
conducting polymers, transition-metal-oxides and their composite materials have 
been tested as electrode materials for supercapacitors.
[8]
 Typical EDLC electrode 
materials include activated carbon (AC), porous carbon, carbon aero-gel, 
graphene and their derivatives after modification or doping of nitrogen, while 
transition metal hydroxides, oxides,  sulfides and conducting polymers are often 
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considered as pseudocapacitors since pseudocapacitance is the predominant part 
in charge storage process of all of these materials. Carbon based EDLC materials 
have a long cycle life but limited capacitance; on the other hand, pseudo-materials 
have very high capacitance but poor stability. To achieve high specific 
capacitance and high energy density, my research focus is on the transition metal 
oxide/hydroxide based electrode materials. 
1.3 Motivation, Objective and Scope of the thesis 
1.3.1 Motivation 
The erstwhile sections have indicated that the core of this thesis is on transition 
metal oxide/hydroxide based pseudocapacitors, which own high theoretical 
specific capacitance and redox activity. Among transition metal oxide/hydroxide 
materials, ruthenium dioxide (RuO2) is a conventionally studied capacitive 
material for its good electronic conductivity and multiple oxidation states.
[9]
 
However, the toxicity and rarity in nature restricts its wide commercialization. 
Therefore, other cheap candidates for pseudocapacitors require much attention. 
Nickel oxide and nickel hydroxide stand out for their high theoretical 
capacitances (NiO: 2584 F g
-1
 and Ni(OH)2: 2081 F g
-1
 within 0.5 V), 
environment friendliness, and low cost.
[10] 
Unfortunately, from the study of literature, there are some challenges for the 
nickel oxide/hydroxide. Firstly, their energy density is relatively low. Secondly, 
the conductivity of nickel oxide is low. NiO belongs to the wide-band-gap 
semiconductors or even insulators. Their low conductivity results in poor ion 
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transport kinetic which deteriorates high rate capability and can cause damage and 
safety problem when commercialized as electrode materials, as a large amount of 
joule heat will be generated during repeated charging-discharging. Thirdly, 
stability is not satisfactory: the capacitance of them decay significantly. 
It is unrealistic to solve all the problems in one research project, especially 
some of them are intrinsic properties of nickel oxide/hydroxide. This thesis work 
just ameliorates some of them by chemical modification and proper design and 
modification of the nickel oxide/hydroxide electrode material. A thorough 






 incorporated nickel 
oxides/hydroxides have been reported intensively and demonstrate augmented 
performance. Thereafter, several elements which have not been studied yet or 
rarely studied were taken into account by considering conductivity. Then the 
elements were narrowed down to Cu due to high conductivity and catalyst effect. 
I have tried Cu as incorporating elements for nickel oxide, and found that its 
incorporation could result in the best supercapacitor performance.  
Fortuitously, when we wanted to study the effect of different substrates (nickel 
foam, copper foam and carbon fiber paper) on the growth of nickel hydroxide, we 
found that the performance of the material grown on copper foam has exceptional 
morphology and its supercapacitor performance exceeded those grown on nickel 
foam and carbon fiber paper. After careful investigation, the material we 
synthesized was not pure nickel hydroxide but copper incorporated nickel 
hydroxide. The existence of copper has been confirmed by mapping in TEM. This 
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discovery inspired us to continue our research on copper incorporated nickel 
oxide/hydroxide as supercapacitor electrode material. 
Based on the finding and the succeeding exploration, this thesis aims to 
• investigate the capacitive properties of copper incorporated nickel 
oxide/hydroxide for improved performance 
• rationally design nano-composites (materials together with current 
collector) 
• optimize the overall supercapacitor performance 
1.3.2 Significance of the study 
   Apart from the well-established ternary metal oxide systems, we take the lead 
to propose nickel copper oxide/hydroxide system. Cu has been introduced into 
nickel oxide/hydroxide system and we study the feasibility of this incorporation 
by different experiments and corresponding analysis. The results confirm that this 
idea is successful to some extent by increasing the capacitance, rate capability and 
energy density of nickel oxide/hydroxide. This research can then offer a new 
choice for the commercialized metal oxides based supercapacitors.  
1.3.3 Problem to Solve, Novelty and Scope  
Intrinsic nickel oxide/hydroxide has some disadvantages when used as 
supercapacitor electrode material. The capacitance is far below the theoretical one 
and the rata capability is poor during fast charging-discharging, which will reduce 
the achieved energy density as well as the power density. Therefore, we want to 
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modify this system by foreign element incorporation. After an intensive and 
extensive literature review, Cu, with high conductivity and activity, seldom 
investigated when this thesis work started, has been chosen as the element to be 
incorporated into nickel oxide/hydroxide system. Aiming to get a comprehensive 
knowledge over the effect of copper incorporation into nickel based transitional 
metal oxide/hydroxide, which is a critical factor in designing supercapacitor 
electrode material; several approaches have been adopted to test the feasibility of 
copper incorporation in different conditions.  
In this thesis, I tune nickel oxide/hydroxide with the alteration of copper with 
consideration on their effects to five key parameters of electrochemical reactions 
and five indicators of supercapacitor performance. The five indicators are specific 
capacitance, rate capability, energy density, power density and cycle performance. 
With copper incorporated nickel oxide/hydroxide direct growing on current 
collector or alteration of current collector to facilitate the electron transportation, 
to scrutinize, elucidate and corroborate the benign effect of copper on the 
supercapacitor performance. 
All in all, the subject of the thesis is to improve the overall supercapacitor 
performance of nickel copper oxide/hydroxide and delve into the 
reasons/mechanisms behind. Following this chapter which introduce and review 
the history, basics and advances of supercapacitor, the experimental methods, 
characterization and discussion will be commenced elaborately and separately for 
different approaches in the consecutive chapters. 
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1.4 Outline of thesis 
Beginning from a brief introduction to discuss the background of this thesis 
project in Chapter 1, Chapter 2 presents a comprehensive literature review on the 
mechanisms of two types of supercapacitors and the electrode materials for 
supercapacitors. General materials preparation, characterization and 
electrochemical measurements are described in Chapter 3. Presented in Chapter 4 
are the serendipitous findings of Cu incorporation into nickel hydroxide. Chapter 
5 discusses purposely introduce copper into nickel hydroxide as well as reduce the 
total weight of the copper current collector. In Chapter 6, we successfully 
synthesized nickel copper oxide by a facile hydrothermal method and the 
influence of reaction temperature is studied. In addition to the nickel copper oxide 
with fixed ratio in Chapter 6, Chapter 7 unravels the compositional effect (nickel 
to copper ratio) on the materials and their supercapacitor performance. The last 
chapter is the conclusion of this thesis, and some recommendations have been 
proposed. 
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Chapter 2 Literature Review 
2.1 History and applications of supercapacitors 
2.1.1 History and background of supercapacitors 
    The earliest capacitor was the so called ―Leyden jar‖ that was invented 
independently by German cleric Ewald Georg von Kleist and by Dutch 
scientist Pieter van Musschenbroek of Leiden (Leyden) in 1745. Electricity was 
stored between two electrodes inside and outside of the Leiden jar. This is the 
beginning of conventional capacitor that is usually composed of two metallic 
plates with insulated/dielectric material between them. The capacitance can be 




     
 
                                                                                                       [2.1]                                                                                                                                                                 
where   is the relative permeability (also called dielectric constant) of the 
dielectric layer,    is the permeability of vacuum, S is the surface area of 
electrode and is the thickness of dielectric layer. The capacitance of this kind of 
conventional capacitors ranges from 10
-12
 F to – 10-5 F. 
The first patent describing the concept of an electrochemical capacitor (EC) 
(also can be named as supercapacitor (SC)) that had a much higher capacitance 
was filed in 1957 by Becker
[2]
, who assembled a capacitor by using electrodes of 
high surface area carbon coated metal immersed in sulphuric acid solution. This 
new type was the advanced generation of the conventional/traditional capacitors 
in two aspects. One was the use of ultraporous carbon material instead of smooth 
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metallic plate; the other was that electrolyte liquid replaced the solid dielectric 
layer. Thus the calculation of the capacitance could be modified and updated as 




     
 
                                                                                                    [2.2]                                                                                 
where  is the relative permeability of the electrolyte,  is the permeability of 
vacuum, S is the surface area accessible to electrolyte ions and d is the effective 
distance of the double layer between the electrode and electrolyte. The adoption 
of porous electrode material and electrolyte allowed people to fabricate capacitors 
which have thousands of times higher capacitance than the traditional ones. 
After the invention of electrochemical capacitors (supercapacitors), Nippon 
Electric Company (NEC) further developed Becker’s discovery under the energy 
company SOHIO’s license and initiated the commercialization of the first SC in 
the market in 1971. In the same year Panasonic started to manufacture its double-
layer capacitor under the name "Goldcap". The major differences between the 
Panasonic and NEC products were the electrolyte: NEC used an aqueous 
electrolyte, while Panasonic used a non-aqueous electrolyte in the cell 
construction with a higher working window and higher energy density.
[5-6]
 Since 
1980s, many big manufactures such as ELIT, MAXWELL, CAP-XX and 
NIPPON have joined in producing supercapacitors, and great improvement has 





From the nineties, electrochemical capacitors have developed rapidly. The 
development of porous and advanced nano-structured material in the twenties has 
opened the door to high performance supercapacitors which can be used in many 
fields. In recent years, even all solid state, flexible and transparent and micro-
sized supercapacitors have garnered great interest with the dramatic development 
of portable electronics.  
2.1.2 Applications of supercapacitors 
It is noteworthy that no one individual energy storage system, especially 
electrochemical energy storage systems which have much lower capacity than 
combustion engine, can satisfy the needs of all the applications over the world. 
Each one owns its unique advantages and can be used for special applications. 
The applications of SCs are generally divided into two categories of totally 
different performance requirements: i) low power and low operating voltage 
applications; ii) high power and high operating voltage applications. 
For the first category, supercapacitors with small capacitance (just a few Farads) 
can be used as power buffers or memory back up for portable electronic devices 
like cameras, mobile phones and so on.
[8]
 For the power buffers, EC can be 
coupled with batteries and photovoltaic panels, where electrical energy is stored 
during low-load power and released quickly during peak-load power, 
withstanding the voltage fluctuation. As for cameras, SC can provide energy 
supply for light emitting diode (LED) flash camera phones with sufficient light 




Two famous examples for the second category of SC applications are the 
supercapacitor driven shuttle bus for Expo 2010 in Shanghai and the emergency 
door system in Airbus 380. 
2.2 Batteries and supercapacitors (principles and parameters) 
Supercapacitors and batteries share a lot in common, such as the architecture 
(two electrodes, current collators and electrolyte) and fabrication methods. The 
fundamental difference between these two systems lies in that batteries store 
energy in the bulk of chemical substances capable of generating charges, while 
the energy stored in supercapacitor is mainly surface charge. This disparity gives 
rise to the difference in theoretical maximum energy that can be stored. For a 
capacitor, the potential is dependent on the extent of charge Q because extra 
energy is needed to compensate the electric work against the charge already 
accumulated on both electrodes when the potential is progressively increased. For 
a battery, when it is charged, a thermodynamic potential exists ideally 
independent of the extent of charge Q added.   
For capacitors, the energy E (maximum stored, which is equal to the Gibbs 
energy) of the related cell potential U (applied or output potential difference) is 
given by equation 2.3
[10]
: 
           
 
 
     
 
 
                                                        [2.3]                                           
in which Q is the charge stored between the two electrodes of capacitors and C 
is the capacitance. While for batteries, the maximum Gibbs energy is the product 
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of charge Q and the difference of potential between the reversible potentials of the 
two electrodes, given by equation 2.4, 
                                                                                              [2.4]                                                      
It is evident that when the potential is identical, battery can store twice energy 
than capacitor. Although the energy density and working potential of 
supercapacitors cannot be abreast with batteries, they have their own distinctive 
advantages: simple principle, desirable power density, long cycle life, wide 
operating temperature range, high efficiency, environmental benignity and 
safety.
[11-12]
 All of these merits guarantee them an indispensable status in all the 
energy storage devices. 
2.3 Categories of supercapacitors 
Supercapacitors (SCs) can be distinguished based on charge storage 
mechanisms (working principles) and active materials used. Two general 
classifications are well accepted: electric double-layer capacitors (EDLCs) and 
pseudocapacitors.  
EDLCs perform more like conventional capacitors that display truly capacitor 
behaviors such as quasi-rectangular cyclic voltammetry (CV) curves. The energy 
stored in EDLCs is electrostatic by reversible adsorption of ions.
[13-14]
 The 
difference between EDLCs and conventional capacitors is that the former adopt 
high-surface-area electrode materials together with electrolyte, while the latter  is 
composed of two metallic plates with a dielectric layer in between. Hence, a 
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higher capacitance is achievable due to a larger surface area and a smaller charge 
layer separation for an EDLC.  
Different from EDLC, pseudocapacitors behave more like batteries given that 
they store energy by fast and reversible surface or near-surface redox reactions 
which are Faradic in origin.
[15-16]
 The specific capacitance of pseudocapacitor is 
larger than that of EDLC. Meanwhile, the energy density of pseudocapacitor is 
also higher than that of EDLC, which is why they receive great attention. 
Pseudocapacitors fill in the gap between EDLCs and batteries. The electrons 
involved in an EDLC are the delocalized conduction band electrons of carbon 
electrodes, while the electrons involved in a pseudocapacitor are transferred to or 
from the valence-electron orbital states of the redox active electrode materials. 
Although EDLC and pseudocapacitor are distinguished here, in fact, it is very 
hard to accurately characterize the charge in the real electrochemical 
systems/materials. Next sub-section will discuss electrode materials subordinate 
to these two types; however, the categorization is based on their major 
mechanisms.  
2.4 Electrode materials for supercapacitors 
As mentioned above in the previous sections, supercapacitors can be 
categorized into two major types: EDLCs and pseudocapacitors.  
The first type is exemplified by carbon in various forms and modifications. 
Activated carbons (ACs) are widely used as electrode materials for 





 Ordered mesoporous carbons synthesized by different 
template methods can achieve controlled pore size distribution, which are also 
extensively studied.
[18]
 Carbon nanotubes, stand out owing to their narrow size 
distribution, low resistivity and large SSA.
[19]
 Graphene based electrode materials 
have high layer conductivity, ultra-large accessible surface.
[20]
 However, the last 
three materials are expensive. Therefore, reducing the price of carbon materials 
for SCs would help in removing the main obstacle for their pervasive applications. 
The second type mainly comprises of transition metal oxides hydroxides, 
sulfides/ nitrides, and conducting polymers, aiming at developing alternatives to 
replace carbon based EDLC-type materials, which have the bad traits of low 
specific capacitance. Transition metal oxides hydroxides, sulfides and nitrides 
show their superiority as electrode materials for supercapacitors because of their 
high theoretical specific capacitance (and high energy density), high redox 
activity and natural profusion. Pseudocapacitive behavior arises in several 
circumstances: ion adsorption at electrode surface, fast and reversible redox 
reactions of materials; or ion intercalation/de-intercalation without phase 
change.
[21]
 Among all the transition metal oxides, ruthenium dioxide (RuO2) is the 
well-acknowledged desirable electrode material due to its good electronic 
conductivity, exceptional reversibility and admirable potential window.
[22]
 
However, the toxicity and rarity in nature restricts its wide commercialization. 









 and their composites have gained 
significant attention. Since all of these processes are faradic in nature, the high 
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capacitance can be achieved but poor cycle performance exists at the same time. 
Conducting polymers are another group of materials showing pseudocapacitive 
performance by doping and de-doping.
[27] 
The most commonly used conducting 
polymers include polypyrrole, polyaniline, polythiophene and derivatives of 
polythiophene. Their conductivity is moderate but the poor cycling stability has 
haunted their universal applications. 
To display directly, a hierarchy chart summarizes the electrode materials for 
supercapacitors as reference. 
 
Figure 2.1 Category of supercapacitors  
2.5 Nickel oxide/hydroxide based electrode materials 
The subject of this thesis is copper incorporated nickel oxide and hydroxide 
based electrode material, thus they will be separately and comprehensively 
discussed in this section. 

















Nickel oxide, as one of the most important transition metal oxides, has several 
merits: for their high theoretical capacitance (i.e. NiO: 2584 F g
-1
 within 0.5 V), 
environment friendliness, stability in alkaline electrolyte, easy preparation method 
and low cost. Moreover, NiO is one of the relatively few metal oxides having a 
well-defined redox behavior
 [28]
 with p-type semi-conductivity.
 [29] 
However, 







working potential (0.4-0.5 V) and unsatisfied cycling stability.      
    Liu et al.
[30]
 might be the first to develop porous nickel oxide based 
electrodes for supercapacitors, although electrochemical study of NiO could be 
traced back much earlier
[31]
. Liu et al. obtained a specific capacitance of 200~256 
F g
-l
 for the porous film they prepared by sol-gel techniques. Afterwards, different 
synthesis methods and nanostructured nickel oxide have sprung up.  
There exist abundant methods to prepare nickel oxide materials. In general, 







 method. Or the material can be 














 method.   
In this thesis, chemical bath deposition and hydrothermal/solvothermal methods 
are adopted.  The merits of chemical bath deposition are that it can produce large-
scale and modify the materials by simple concentration control.
[41]
 The 
advantages of hydrothermal/solvothermal methods are that the particles can be 
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synthesized with controllable size and morphology and desired materials can be 
achieved without the usage of toxic chemicals.
[42]
  
It is very difficult to draw a conclusion that which method is the best to 
synthesize nickel oxide for supercapacitor applications since the reported values, 
even for one method, differs much. For example, by using electrochemical 








at 1 mV s
-1 
was obtained in different 
reports even though the morphologies of both cases were flakes. 
Materials with different morphologies dimensions have been synthesized. For 
example, Khairy et al.
[44]
 reported NiO nanocrystals and nanoplates exhibiting 
specific capacitances of 685 F g
-1
 and 1361 F g
-1
 at 1 mV s
-1
. Coral-like NiO 
nanobar synthesized delivered a specific capacitance of 1001 F g
-1





However, even with the same dimension, NiO could show different specific 
capacitances. For instance, NiO nanorods showed a very high capacitance of 1635 
F g
-1[37] 
low capacitance of 384 F g
-1 [46]
  in different reports. 
 So far, the reported specific capacitance value for nickel oxide ranges from 50 
to 1776 F g
-1
. The highest value reported is 1776 F g
-1
 by an electrochemical 
deposition method.
[43]
 However, they did not give the exact mass of the active 
material and according to reports, electrochemical deposition method will have a 
thin layer of active material.  
  2.5.2 Nickel hydroxide (Ni(OH)2) 
Ni(OH)2 is another promising nickel-based electrode material for 
supercapacitor application.  
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Bode et al. first identified the structures of nickel hydroxide.
[47]
 They also 
proposed a simple scheme to describe the charging and discharging process of 
nickel hydroxide when used as an electrode. This scheme consists of two phases 
of nickel hydroxide (α and β), and two phases of nickel oxyhydroxide (β and γ). 
Two fundamental phases have been well studied afterwards, confirming the 
trigonal symmetry. The unit cell parameter measured by XRD of α-Ni(OH)2  is 
(a=b=0.308 nm, α=β=90°,γ=120°, c=0.8 nm), while the parameters for β-Ni(OH)2  
(a=b=0.3126  nm, α=β=90°,γ=120°, c=0.4605 nm).[48,49]  
D.P. Dubal et al.
[50]
 highlighted the effect of morphology on the 
electrochemical behavior. In that specific report, the maximum specific 
capacitance was determined to be 462 F g
-1
 in 2 M KOH in the case of Ni(OH)2 
nanosheets, suggesting its potential application in electrochemical supercapacitors. 





 To the best of our knowledge, the highest value reported so far is 4172.5 F 
g
-1
 at a current density of 1 A g-
1
, however, the loading mass is only 1 mg on 
nickel foam.
[54]
 According to one paper reported the exaggerated capacitance 
based on nickel foam current collector when the loading mass is too small
[55]
, and 
only this paper reported such a high value, we think it needs confirmation.  
Recently, more research on unitary nickel based oxide/hydroxide material is not 
the hot zone of research, the binary/ternary oxide/hydroxide, composites/hybrids 
with EDLC-type material and asymmetric cell have gradually occupied a 




Other than carbon-nickel oxide/hydroxide composite such as CNT/Ni(OH)2 or 
graphene/ Ni(OH)2, ternary metal oxides/hydroxides containing nickel which have 
been reported to show higher capacitance than unitary metal oxide/hydroxide. The 
reasons for the improvement can be summarized as follows. Firstly, the presence 
of multiple valences could generate more achievable oxidation states which will 
enhance the supercapacitor performance. Secondly, the conductivity could be 
increased. Thirdly, the addition of foreign element could change other factors 
such as composition, morphology, which also plays a pivotal role for overall 
enhancement of electrochemical performance. Some satisfying examples are also 
given for comparison in Table 2.1: 
Table 2.1   Examples of different elements incorporated in nickel oxide/hydroxide 
based material and their supercapacitor performance 
Elements Structure Method Morphology Capacitance 
Co






















[58] Al-doped β- 










[59] Zn-doped α- 
Ni(OH)2 on nickel 
foam 


























     
For Co and Mn, their oxides belong to high performance supercapacitor 
materials which have been vigorously explored. For others, doping methods are 
adopted to increase the conductivity of nickel oxide/hydroxide. At that time when 
I started my research work, Cu had not been thought as a substitute similar to the 
elements listed above. No reports on Cu incorporation in nickel based materials 
for supercapacitors was probably due to very poor capacitance (most of the 
reported values are less than 300 F g
-1
) for pure copper oxide
[62-63]
.However, after 
considering that Cu is adjacent to Ni in the periodic table and shows extremely 
good catalyst activity as well as high conductivity. This special element can be a 
choice. This gap offers us an opportunity to fill in and conduct systematic 
research on Cu incorporated nickel oxides/hydroxides. Cu is an example of which 
is previously as not a good supercapacitor electrode material. After the 
investigation, we can get a clue or hint whether this kind of element can be 
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Chapter 3 Material synthesis, characterization and 
electrochemical measurements 
3.1 Material synthesis 
Similar experiments methods are summarized here, for the special/detailed 
sample preparation information is described in relevant chapters. 
    Hydrothermal and solvothermal methods are employed in the synthesis of 
electrode materials. In a hydrothermal synthesis, nickel salt and copper salt were 
dissolved in 25 mL of deionized water. After the solution was stirred for 30 min, 
the above solution was transferred into a Teflon-lined stainless steel autoclave. A 
piece of substrate has been put into the autoclave. Hydrothermal synthesis was 
run at 120℃  for 8 h and then naturally cooled down to room temperature. 
Afterwards, the substrate was taken out and cleaned by ultrasonication for several 
minutes to remove the loosely attached products on the surface, and then dried at 
80℃  in an oven overnight. 
    The difference between hydrothermal method and solvothermal method is 
that the solvent used in hydrothermal is water while in solvothermal it is organic, 
in our case (Chapter 8), ethanol is used. 
3.2 Material characterization 
3.2.1 X-ray diffraction (XRD) 
X-ray diffractometer Bruker D8 Advance (voltage 40 kV, current 40 mA) with 
Cu Kα radiation (λ = 1.5418 Å) were used for characterize the crystal structure of 
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the samples. Indexing of the as-obtained diffraction data can be performed using 
software like ―Match‖ with ICDD database (International Centre for Diffraction 
Data). 
3.2.2 Field-emission scanning electron microscopy coupled with Energy-
dispersive X-ray spectroscopy (SEM-EDS) 
The surface morphology of the nanostructured electrode materials was 
characterized using a field-emission scanning electron microscope (Zeiss Supra
TM
 
40). Samples were prepared by pasting the substrate with material directly grown 
on it onto the aluminum holder using carbon/copper tapes. Scanning of the images 
was done at an accelerating voltage of 5 kV. Energy-dispersive X-ray 
spectroscopy (EDS) was used for both qualitatively and quantitatively to 
determine the elemental composition of the prepared electrode materials, 
obtaining the average value and the distribution in a large area. 
3.2.3 Transmission electron microscopy coupled with Energy-dispersive X-ray 
spectroscopy (TEM-EDS) 
Transmission electron microscopy (TEM; JEOL JEM-2010F, accelerating 
voltage: 200 kV) was used to investigate the detailed morphologies and structures 
of the samples. The samples were first dispersed in the ethanol and then drop onto 
the TEM copper grids with carbon membrane. Energy-dispersive X-ray 
spectroscopy (EDS) was used for both qualitatively and quantitatively to 
determine the elemental composition of the prepared electrode materials, 
obtaining the local value and the distribution in a small area. 
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3.2.4 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was carried out in the Kratos Axis 
Ultra DLD XPS spectrometer system to analyze the surface chemical state of the 
elements. All peaks were calibrated using C 1s as a reference (284.8 eV).The raw 
data of XPS was deconvoluted and fitted using CasaXPS software. 
3.2.5 Brunauer-Emmet- Teller (BET) surface area measurement 
The BET surface area of the samples was determined by N2 adsorption-
desorption isotherms using a Micromeritics ASAP 2020 system at 77 K. Prior to 
the measurement, the samples were degassed at 393 K under nitrogen flow for 12 
h. 
3.3 Electrochemical measurements 
3.3.1 Electrode fabrication 
The as-prepared electrode materials directly grown on the substrates were used 
as the working electrode (in three-electrode configuration) or positive electrode 
(in two-electrode configuration) without any ancillary materials. Since the 
substrates we chose were conductive (nickel foam, copper foam and carbon fiber 
paper), they acted as the current collectors as well as the scaffolds. 
For the asymmetric cell test, paste-casting method was chosen for fabricating 
the negative electrode (carbon based). In a typical fabrication, reduced graphene 
oxide powders, activated carbon and polytetrafluoroethylene (PTFE) binder were 
mixed and dispersed in ethanol to obtain slurry, which was then coated onto the 
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current collector with a spatula. Then they were dried at 80 ℃  for 24 h, and 
constituted the negative electrode. 
3.3.2 Electrode measurements
 [1] 
Two kinds of configuration have been adopted for electrode measurements: 
three-electrode and two-electrode configuration. Three-electrode configuration 
was used for consist of a working electrode, a reference electrode, and a counter 
electrode. The working electrode was the analyte electrode material we were 
investigating. When we want to explore the property of our material, the role of 
supplying electrons is taken by the counter electrode (Pt), and the role of 
referencing potential is taken by the reference electrode (SCE) with no current 
passing thorough. Two-electrode configuration in this thesis was only used for 
asymmetric full cell which our nickel based electrode material served as the 
positive electrode while carbon based electrode material served as the negative 
electrode.  
The liquid-state electrolyte was 1 M L
-1
 KOH, gel electrolyte was also used in 
Chapter 5. KOH/PVA gel was prepared by mixing KOH (6 g) and PVA (6 g) in 
60 mL deionized water and heated at 85 ℃  under stirring for 10 h. 
3.3.2.1 Cyclic voltammetry (CV) 
Cyclic voltammetry (CV) records charge response with regard to an applied 
potential. The potential ramps linearly versus time, named as scanning rate (dV/dt, 
unit: V s
-1
). The potential is applied between the working electrode and the 
reference electrode and the current is measured between the working electrode 
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and the counter electrode. The forward scan produces a current peak for any 
analytes that can be oxidized, while the reverse scan makes the reduction reaction 
take place. 
3.3.2.2 Galvanostatic charge-discharge (GCD) 
    In contrast with CV, in galvanostatic charge-discharge (GCD) test, the 
externally controlled parameter is the current and the potential change is then 





 based on area of the substrates or weight of the active material. 
3.3.2.3 Electrochemical Impedance Spectroscopy (EIS) 
In EIS test, an alternating potential with a wide range of frequencies and 
measuring the amplitude and the phase shift of the resulting current. In our case, 
an AC voltage with 5 mV amplitude was applied in a frequency range from 0.01 
Hz to 100 kHz at the open circuit potential. 
3.4 Calculations 
  The mass and area specific capacitances can be calculated from the CV curve 
using the following equations
[2-3]  
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 where I (A) and U (V) are the current and potential in the CV, v (V s
-1
)  is the 
scan rate, A (cm
2
) is the area of the current collector together with the active 
material, U is the potential window of discharge, I is the constant discharge 
current and t (s) is the discharge time. 
  The mass and area specific capacitances, power density and energy density are 



















                                                                                                                                      
where C ( F g
−1
) is specific capacitance, A is the area of the current collector, E 
(Wh kg
−1
) is energy density, P (W kg
−1
) is power density,   is potential window 
(here 1.7 V), I (A) is discharge current,   (s) is discharge time, m (g) is the sum of 
the masses of the positive electrode  and negative electrode. 
The areal energy density could be estimated by  
Ea=Eg×m / 2A (A: The area of one piece of substrate)                                [3.7]                                        
Pa=Pg×m / 2A                                                                                              [3.8]                           
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The volumetric energy density could be estimated by  
Ev=Eg×m / 2Ad (d: The thickness of one piece of substrate)                       [3.9]                             
Pv=Pg×m/ 2Ad                                                                                              [3.10]                        
  All the above parameters are based on the weight of active material, we also 
calculate and report all the parameters based on the weight of total electrode, i.e. 
active material and the weight of substrates. 
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Chapter 4 Serendipitous Cu incorporation into nickel hydroxide 
This chapter reported the first result of copper incorporation into nickel 
hydroxide. This finding is accidently when we want to invesitage the effect of 
current collector on the growth and electrochemical property of nickel hydroxide 
by comparing nickel foam, copper foam and carbon paper. The Cu deriving from 
copper foam is successfully incorporated into the nickel hydroxide and the result 
indicates that copper incorporated nickel hydroxide manifests better performance 
than pure nickel hydroxide.   
4.1 Background 
It is well known that when an energy storage device is commercialized, the 
electrode material is not the only part playing an important role. The whole 
performance is related to many components; therefore the importance of current 
collector substrate should also be addressed, although attention has seldom paid to 
it. Nickel foam, as a commercial material with a desirable 3D structure and 





 once proposed that nickel foam itself would 
bring about substantial errors to specific capacitance value especially when a 
small amount of active electrode material is used, but whether other current 
collectors also having the same contribution has not been investigated yet. 
Besides, the effect of current collectors in the growth and capacitive performance 
of nickel based hydroxides has not been reported. Additionally, the growth of 
nickel based hydroxides on copper foam and carbon paper has not been 
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investigated, and it is not clear whether these substrates contribute to capacitances 
in the supercapacitor. It will be demonstrated in this paper that the effect of 
substrates is so important to guide the morphology of active materials. 
In the present work, nickel foam, copper foam and carbon paper are employed 
as both the current collectors and the substrates for Ni(OH)2 growth. The active 
material was synthesized via a simple CBD method that allows a direct growth of 
the active material on substrates (i.e. current collector). This approach waived the 
need of adding ancillary additives to bind active materials to substrates, and thus 
offering a more efficient charge transport with much reduced contact resistance. 
The studies of developing new synthetic methodologies for size and shape-
selective metal hydroxide are actively pursued.  
In retrospect, I have indicated that I have serendipitous attained Ni-Cu spherical 
double hydroxide (SDH) on Cu foam (in Chapter 1: Introduction) when we did 
the comparative trials handling different substrates under the same reaction 
condition.  Interestingly, the Ni-Cu SDH with smaller diameter grown on Cu 
foam exhibited a higher capacitance than that of the flower-like nickel hydroxide 
grown on Ni foam. The synergistic effect of Ni-Cu SDH in the supercapacitor 
performance is noteworthy. The Ni-Cu SDH on Cu foam showed a high specific 
capacitance (1970 F g
-1
 at 5 mV s
-1
). Very notably, the rate capacity and cycling 
stability are significantly better than those of Ni(OH)2 on Ni foam, which make 
the electrode promising for applications. 
Material preparation  
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The precursor solution for CBD was prepared by mixing 80 ml of 1M L
-1
 nickel 
sulfate hexahydrate, 60 ml of 0.25 M L
-1
potassium persulphate, 20 ml de-ionized 
water and 22 ml of aqueous ammonia (24%) in a 200 ml beaker at room 
temperature. The substrates (nickel foam, copper foam, and carbon paper) were 
ultrasonically cleaned by pure ethanol, deionized water and then dried in oven. 
Then they were put vertically in the solution by using clamps; and the solution 
was kept at room temperature with stirring at 100 rpm for different deposition 
times. After that they were washed with deionized water and dried at 120℃ for 
more than 24 h. There was no annealing and other process afterwards. 
4.2 Results and Discussions 
Low and high magnification SEM images of the final products grown on 
different substrates are shown in Figure 4.1. As seen, the coverage density and 
morphology on Ni foam, Cu foam and carbon paper are significantly different. 
From Figure 4.1 (c), the materials grown on nickel foam are self-assembled 
flower-like (or pompon-like). In contrast, as shown in Figure 4.1 (d), the 
interconnected net-like porous structure made up of nanowall flakes can only be 
found on small flat pieces instead of the dominating carbon fibers, which explains 
why the loading on carbon paper is so little and clarifies that the carbon paper is 




Figure 4.1 (a, b) Scanning electron microscopy (SEM) image of Ni-Cu spherical 
double hydroxide (SDH) on Cu foam with different growth time. (c) SEM image of 
Ni(OH)2 on nickel foam. (d) SEM image of Ni(OH)2 on carbon paper. (The white arrows 
in the inset show the positions of the high magnification pictures.) 
Interestingly, the particles were assembled in spherical shape without uniform 
stacking direction on the copper foam (see Figure 4.1a &b). This is so unusual 
because crystals incline to grow anisotropically. Both α-Ni(OH)2 and β-Ni(OH)2 
prefer to form hexagonal plate-like shapes, since they have a hexagonal 
crystalline structure. Flowerlike and needlelike Ni(OH)2 have been synthesized, 
but none of the unique morphologies shown on Cu foam has been reported.  The 
growth time for material in Figure 4.1a and Figure 4.1b is 5 minutes and 10 
minutes separately, and it can be seen that the diameter of material in Figure 4.1a 
is smaller than Figure 4.1b. 
Figure 4.2 shows the low and high magnification TEM images and selected 
area diffraction patterns (SAED) of the three samples. As seen from Figure 4.2, 
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the TEM results are in agreement with the SEM ones: spheres on copper foam; 
flowers on nickel foam and nanowalls on part of carbon paper. The SAED 
patterns are similar to each other except that the material on carbon paper only 
shows two rings instead of three. This may be due to the poor crystallinity since 
the outside of the carbon paper is polymer which is not easy for crystal growth. 
The pattern of electron diffraction rings from the small sphere in Figure 4.2 (b) 
reveals that there are many lattice directions,  indicating that the ball itself 
contains many randomly distributed small crystallites. Table 4.1 shows the lattice 
spacings corresponding to the rings in the diffraction patterns, which were 
determined with the camera constant of the equipment and the measurement of 
the ring radii. The lattice spacings deduced from the rings have been compared 
with those of many possible hydroxides and oxides containing nickel or copper. 
However, most of the materials cannot match well with these TEM diffraction 
patterns, but the patterns matched well with α-Ni(OH)2 , in agreement with many 
other reports.
[2-3] 
Table 4.1 Lattice spacing (LS) deduced from the rings in the electron diffraction 
pattern (DP) (see Figure 4.2a) of the Ni-Cu hybrid spherical double hydroxide; and the 
LS calculated from Figure 4.2c, 2d and the relevant lattice spacing of α-Ni(OH)2, β-
Ni(OH)2, NiO and Cu(OH)2. 
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Ring 1 2 3 
LS(nm) from DP on 
nickel foam 
0.265  0.218 0.155 
LS(nm) from DP on 
copper foam 
0.267 0.229  0.155 
LS(nm) from DP on 
carbon paper 












… … 0.156 /(110) 





… … … 
α-Ni(OH)2 (JCPDS#22-0444), β-Ni(OH)2 (JCPDS #73-1520), NiO (JCPDS#04-
835), Cu(OH)2 (JCPDS#13-0420) 
 
Figure 4.2  (a) Transmission electron microscopic (TEM) image and electron 
diffraction pattern of Ni-Cu SDH on Cu foam. (b) High magnification TEM image of Ni-
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Cu SDH on Cu foam. (c) TEM image and electron diffraction pattern of Ni(OH)2 on Ni 
foam. (d) TEM image and electron diffraction pattern of Ni(OH)2 on carbon paper. 
Figure 4.3a depicts the scanning transmission electron microscopy (STEM) 
images of the spheres on copper foam. The flowers on nickel foam are also shown 
as a comparison (Figure 4.3b). The elemental mapping results show that Cu, Ni, 
and O are distributed homogeneously on the three-dimensional spheres grown on 
Cu foam; while only Ni and O can be detected in the flowers grown on Ni foam. 
Besides, the ratio of Ni and Cu in the sphere is nearly 2:1 from both the line scan 
(Figure 4.3a inlet) and the whole area scan. In contrast, there is no Cu in the 
flowers grown on Ni foam. This result indicates that the Cu foam leads to the 




Figure 4.3 TEM mapping of the materials on (a) copper foam and (b) nickel foam 
The difference in morphology is so arresting that we try to find out the 
mechanisms of the nickel hydroxide based materials grown on different substrates. 
On one hand, the flower-like structure on nickel foam has been reported many 
times,
[4-5]
 and the growth mechanism has been proposed. The layered structure 
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Ni(OH)2 tends to form platelet sheets at the primitive stage. As the deposition 
time increases, the thin nanosheets have to corrugate together in order to lower the 
surface energy, assembling into the microflowers shown in the pictures. The 
subsequent nuclei will choose the heterogeneous growth from the flowers instead 
of the homogeneous growth from the surface. The morphology of those grown on 
carbon paper is similar to those grown on nickel foam. Instead of assembling into 
flowers, the nanoflakes arranged themselves as nanowalls perpendicular to the flat 
surface.  
 
Figure 4.4 Schematic illustration of the formation mechanism of Ni-Cu hydroxide and 
nickel hydroxide 
On the other hand, the Ni-Cu SDH has not been reported so that the mechanism 
is not available. The elemental mapping shows that the particles on copper foam 
have a uniform distribution of nickel and copper, which reveals that the substrates 
participate in the reaction. Frankly, a full understanding of the formation of 
spheres on Cu substrate is impossible at this initial moment, because there are no 
previous report and study on such a phenomenon. Based on the experimental 
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results, we try to specify the mechanism for the spheres as follows. Copper is easy 
to oxidize. When the aqueous ammonia was added, a portion of the Cu
2+
 could 
react with NH3·H2O to form the copper ammonia complex ion Cu(NH3)4
2+
, 
another portion would mix with Ni
2+ 
near the surface of the substrate and combine 
as the (NixCu1-x)
2+
, as seen in Equations 4.1-4.3. The reaction became 
complicated and the pH value changed. The existence of Cu
2+
 could decrease the 
energy of the barrier of the interface of the substrate and nickel hydroxide. The 
(NixCu1-x)
 2+
 ions at the bulk metal surface exhibit positive charge. Meanwhile 
OH
- 
ions in the alkaline solution tend to absorb on the metal surface acting as the 
seeds instead of the previous nuclei of Ni(OH)2. OH
- 
absorbing on the surface 
attracted (NixCu1-x)
2+
, which promoted NixCu1-x(OH)2 nucleation on the surface of 
the substrate. Spherical particles were formed because the layered anisotropic 







species. The ligands of [NH3]4 are 
important complexants for metal ions. The binding sites are spatially confined to 
the particulate body. The spherical morphology is formed to reduce the surface 
tension and balance the electrostatic equilibrium. At the beginning, nanoparticles 
were formed by weak Vander Waals interaction, and then the two nanoparticles 
cores coalesced. Because of continuous reaction process, small particles were 
dissolved and the adjoining nanoparticles grew and became larger. A simple 
sketch of the three morphologies is represented in Figure 4.4. 
 According to the elemental mapping results, the ratio of Ni to Cu is 2:1. The 
possible chemical reactions are as following. 
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Cu (foam) +O2→CuO                                                                                      [4.1]                                                                                                                        
CuO+NH3•OH→Cu
2+
 (in solution) +Cu [NH3]4
2+






-→Ni0.66Cu0.33 (OH)2                                                                                             [4.3]                    
From the results, it can be concluded that the different substrates indeed play 
some roles in determining microstructure and surface morphology of Ni(OH)2 or 
Ni-Cu hydroxide. The substrate composition and surface condition can have a 
significant effect on the morphology. Seen from Figure 4.4, the surface of nickel 
foam is relatively smooth. On the contrary, the surfaces of copper are unsmooth 
and bulged. The Ni-Cu hydroxide nuclei are formed in the solution near the 
surface, mimic the morphology of the surface of copper and encircled, which 
induces the formation of Ni-Cu spherical double hydroxide.  
X-ray diffraction (XRD) was used to characterize the material on different 
substrates. It was a pity that only the peaks belonging to the substrates were 
detected. The reasons could be that the coatings were too thin or the grains were 
too small, since the synthesis temperature was room temperature. And from 
Figure 4.2 (b), the high magnification TEM result showed small grains, which 
was one reason that it was hard to detect them from XRD. The XRD pattern 
arising from the particles collected in the solution after reactions were presented 
in the Figure 4.5a. The peaks are centered at 23°, 35°, 38°, 59°, and 70°. All of 
the reflections can be readily indexed to the hexagonal α-Ni(OH)2 crystalline 
structure, which is consistent with the standard spectrum (JCPDS #22-0444). 
These positions correspond to the (002), (111), (200), (301) and (220) reflections, 
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respectively. This result is in agreement with the SAED results shown above. 
Thermal gravimetric analysis (TGA) was employed to investigate the thermal 
stability during the heating process. Figure 4.5b shows almost typical TGA curve 
of Ni(OH)2, in which the loss before 200℃ is owing to the hydrated water and the 
sharp loss at 300℃  corresponds to the conversion from nickel hydroxide to nickel 
oxide as reported in literature.
[4]
 This phenomenon further confirms that the 
particles grown on the Ni and carbon paper substrates are the same as those 
collected from the solution, which are nickel hydroxides. Although the Cu is in 
the spheres from the STEM elemental mapping result, the lattice is not radically 
changed. This may be attributed to the similar structure of Cu and Ni as they are 
adjacent to each other in the periodic table of elements. Ni
2+ 
can be easily 
substituted by Cu
2+
 as they have similar radius. Therefore, they can mix perfectly 
on the atom scale to form the Ni-Cu SDH.  
 
Figure 4.5 (a) XRD pattern and (b) TGA curve of the powder collected in the 
experiment. 
The Ni-Cu SDH was further characterized by X-ray photoelectron spectroscopy 
(XPS). The sample used to test is the powders collected by ultrasonication from 
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the copper foam. The presence of Cu was confirmed by Cu (2p) binding energy 
region plotted in Figure 4.6a. Two main peaks at 934.5 and 954.5 eV correspond 
to Cu (2p3/2) and Cu (2p1/2), respectively, in addition to small shake up signals at 
942.9 eV and 961.2 eV. The result is in agreement with the copper hydroxide in 
literature,
[6-7]
 but there is a little deviation in peak positions, which may be caused 
by the existence of nickel ion in the Ni-Cu SDH.
[8]
 The linking arrangements of 
nickel in the solid solution with other nickel or copper cations accounted for the 
changes in the BE at the high end of the spectra.
[9]
 Besides, it has been reported 
that the chemical interaction with supports
[10]
 can cause the BE change and our 
material was derived from the nickel salts and substrates. Many researchers used 
the well-known shake-up satellite found in Cu 2p spectrum as an indication of the 
presence of Cu(II) species.
[11,12]
 The high resolution XPS spectrum for the Ni 2p 
core level recorded in the range of 840−900 eV are shown in Figure 6b.The 
spectrum consisted of two spin−orbit doublets and two shake-up satellites. The 
main peaks and the shake-up structure are similar to the specific characterization 






Figure 4.6 XPS spectra of Ni-Cu SDH (a) Cu 2p (b) Ni 2p 
To explore the potential supercapacitor application of the as-synthesized 
material on different substrates, the samples are characterized by cyclic 
voltammetry (CV) and galvanostatic charge/discharge measurements. 
Representative CV curves of flower-like and sphere-like morphologies in the 
three-electrode configurations are shown in Figure 4.7a and b. The anodic peak is 
due to the oxidation process from Ni(OH)2 to NiOOH; while the cathodic peak 
presents the reverse process. The CV curve of the nickel hydroxide on nickel 
foam has two obvious oxidation peaks, while the other two only have one, 
indicating the different electrochemical behavior of the hydroxides grown on the 
different substrates. Although such phenomenon was observed, we still do not 
understand the causes of such difference.  
 
Figure 4.7 (a) Cyclic voltammetry curves of three samples at scan rate of 5 mV s
-1
 in 
6M KOH. (b) Discharge curves for three samples at current density of 1 A g
-1




Figure 4.7a illustrates that Ni-Cu spherical double hydroxide on copper foam 
showing the highest capacitance among these three electrodes. Figure 4.7b 
indicates that Ni-Cu SDH has the biggest area under the discharge curve among 
 48 
 
these three samples, which is consistent with the CV result. The excellent 
performance of the Ni-Cu SDH is still unknown. It may be attributed to the 
charge imbalance and imperfections in the Ni-Cu lattice that enhance the 
electrochemical activity.
[14-15]
 Anjali et al. has reported Ce
3+
 doped nickel oxide 
may have higher electrochemical activity due to charge imbalance and 
imperfections due to lattice distortion.
[14]
 Besides, the usage of copper foam that is 
more conductive than nickel foam may also boost the performance.  
The oxidation and reduction potential decrease in the sequence of carbon paper, 
copper foam and nickel foam may imply that the oxidation and reduction of the 
active material is more difficult on the carbon paper than on the copper foam. 
The potential separation between the oxidation peak and the reduction peak of 
the three substrates is nearly the same. It is well known that the peak potential 
separation is used as a measure of reversibility. Therefore, the reversibility of all 
three electrodes is almost the same. The cathodic and the anodic peak currents of 
the material grown on the copper foam are the highest, on the nickel foam are the 
second; and both of them are much higher than those on the carbon paper, 





Figure 4.8 Cyclic voltammetry curves of three samples and the corresponding pristine 
substrates (a) (1)Ni-Cu SDH on copper foam, (2) pristine copper foam;(b) (1)Ni(OH)2 on 
nickel foam,(2) pristine  nickel foam; (c) (1) Ni(OH)2 on carbon paper,(2) pristine carbon 
paper. 
The different pristine substrates in our experiment (nickel foam, copper foam 
and carbon paper) were also tested by CV to evaluate their influence. 
Representative CV curves of Ni-Cu SDH on copper foam, Ni(OH)2 on nickel 
foam and on carbon paper as well as the relevant pristine substrate (i.e. copper 
foam, nickel foam and carbon paper) at 5 mV s
-1
 are shown in Figure 4.8. As can 
be seen from these curves, the substrates themselves do have their own 
capacitance. The specific capacitance of both the composite (active 
material+substrate) and the pure substrate can be calculated respectively. Copper 
foam also has small redox peaks, which is in agreement with the previous 
explanation that copper foam can be oxidized and takes part in the reaction to 
form Ni-Cu SDH. The original maximum specific capacitance of Ni-Cu SDH 
sample is 2282 F g
-1
, while after deduced the contribution from the substrate the 
revised one is 1970 F g
-1
.  
    The original specific capacitance is the total capacitance contributed from both 
the active material and the substrate divide by the weight of the active material (in 
most papers, the reported specific capacitance is this one); while the revised 
specific capacitance is the difference between the total capacitance and the 
capacitance from the substrate per gram of the active material. The equations are 
as follows:                                  
                       
           
           [4.4] 
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Similarly, the original specific capacitance of Ni(OH)2 on nickel foam is 1431 
F g
-1
, and revised specific capacitance is 1096 F g
-1
. This value was in the same 
range of high capacitances of nickel hydroxides with similar loading and 
preparation methods reported at that time when this sub-project was carried 
out.
[16-20]
 Carbon paper does not influence the calculated capacitance value, so the 
original and revised ones are the same, i.e. 596 F g
-1
. From these results we can 
see that, the value of Ni-Cu SDH is not accurate because Cu foam participates in 
the reaction which affects the actual loading of the material. However, 
contribution from both active materials and substrate makes the high specific 
capacitance of 2282 F g
-1 
meaningful, and a reduced weight of the current 
collector is an advantage in application. 
For materials that used in practical electrochemical capacitors, high cycle 
stability is crucial. To maintain high utilization at high current and have long 
cycle life are two pivotal elements for electrode fabrication. Therefore, cycling 
experiments of the Ni-Cu SDH sample were carried out with the electrode 
subjected to over 1600 cycles of charge/discharge at a high current density of 6 A 
g
-1
 (or 5 mA cm
-2
) between 0.0 and 0.4 V at room temperature. A high current 
density is chosen because of the experimental time consideration, and it is better 
that the supercapacitor can perform at a high current density. As shown in Figure 
4.9, the capacitance of Ni-Cu SDH increased in the first 100 cycles and then 
decayed slowly to the original value and almost stabilized. The same increase in 
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the first 100 cycles occurred for nickel hydroxide. The increase in the first 100 
cycles is in agreement with the phenomenon reported in literature, due to the full 




i-Cu SDH, the capacitance retention after 
1600 cycles is about 69% comparing with the highest value of 859 F g
-1
, but is 
almost the same comparing with the initial value of 594 F g
-1
. For nickel 
hydroxide as a comparison, the capacitance retention is 57%. Thus we can draw a 
conclusion that introducing copper into the Ni(OH)2 phase seems to enhance the 
cycling performance. To explain it, the morphology and composition of the 
material have been checked by using SEM and EDX mapping and the results are 
shown in Figure 4.10. Compared with Figure 4.1a, it is found that the original 
morphology (Figure 4.1a) changed to bulky blocks with some cracks (see Figure 
4.10a-d). The elements of Ni, O and Cu are distributed uniformly, which is in 
consistent with the mapping results shown in Figure 4.3a. 
 
Figure 4.9 Cycle stability of the Ni-Cu supercapacitors of the Ni-Cu SDH and Ni 






Figure 4.10 (a) Morphology from SEM of Ni-Cu SDH after cycling and EDX mapping; 
(b) O; (c) Cu; (d) Ni; (e) K and (f) C. 
To further evaluate the Ni-Cu SDH hybrid electrode for practical application, a 
2×1 cm
2
 asymmetric supercapacitor device was fabricated. The Ni-Cu SDH 
grown on copper foam was used as the positive electrode; while ink-spread active 
carbon was used as the negative electrode. (The ink was prepared by mixing the 
commercial active carbon with PTFE binder with a ratio of 80:20). The mass ratio 
of positive and negative active materials is 1:3.4, close to the theoretical mass 
ratio (1:3 to 1:4) in obtaining an optimized energy density proposed by Zheng.
[22]
 
Galvanostatic charge-discharge curves of the supercapacitor device at various 
current densities in the voltage window of 0–1.4 V are shown in Figure 4.11a. 
Because supercapacitors are required to deliver power within a very short time, 
cycling with fast charge-discharge is more desirable and represents the service 





Figure 4.11 (a) Charge–discharge curves of the cell at various current densities (b) 
Capacitance retention vs. cycle number of the asymmetric full cell at different current 
densities (c) Ragone plots of the asymmetric supercapacitor (d) Volumetric energy and 
power densities of our supercapacitor device. 
device was checked at high different current densities: at 5 mA cm
-2 
and 10 mA 
cm
-2
 for 1000 cycles, respectively. The capacitance of the device did not change 
significantly and the retention can be 86% even at a high current density of 10 
mA cm
-2
. A good electrochemical supercapacitor is expected to provide high 
energy density or high specific capacitance at high charge/discharge current 
densities. Ragone plot was obtained and shown in Figure 4.11c. The 
supercapacitor has an energy density of 21.8 Wh kg
-1
 at a power density of 217.9 
W kg
-1
, and 60% energy density is preserved as the power density increases to 
1023 W kg
-1
 (based on the weight of both the Ni-Cu SDH and the active carbon). 
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The volumetric energy and power densities of our supercapacitor are further 
shown in Figure 4.11d (based on the whole volume including nickel foam). The 




. It should be noted that 
the volumetric energy density is far from optimization because the foam pores are 
too big to be fully filled in by active electrode materials (see insets of Figure 4.1). 
It is expected that when using foams with small pores or when much more active 




In summary, metal hydroxides have been successfully grown on nickel foam, 
copper foam and carbon paper, respectively. It is found that the substrate plays a 
crucial role in material morphology, even the composition of electrode materials. 
The effects of different substrates on morphologies and supercapacitive properties 
of the resultant nickel hydroxide or Ni-Cu double hydroxide have been 
investigated, and the results reveal that they are quite different. The growth 
mechanism of hybrid Ni-Cu spherical double hydroxide (SDH) is proposed to be 
due to the existence of Cu[NH3]4
2+ 
complexation with the Cu ions. 
Electrochemical measurements show that the spheres grown on the Cu foam have 
a higher capacitance than those of the other samples. Moreover, the 
supercapacitive contributions of the substrates are studied. The results show that 
supercapacitor electrodes can not only be grown on the conventional nickel foam 
but also grown on some other substrates with improved properties. In addition, the 
 55 
 
high electrical conductivity of copper foam provides a great potential in future 
current collector application.  
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Chapter 5 Fixed composition of copper nickel oxide 
Copper incorporated nickel hydroxide specified in Chapter 4 by substrate 
dissolution and chemical reaction is unexpected when designing the experiments. 
Besides, the loading of copper incorporated nickel hydroxide is not satisfactory. 
Consequently, it is necessary to carry out further research onto copper 
incorporated nickel based supercapacitor. In this scenario, a simple hydrothermal 
method by mixing nickel and copper precursors emerges, allowing control over 
the amount of deposited material to obtain high loading supercapacitor. Besides, 
hydrothermal method, which is simple and suitable for large-scale synthesis of 
nanostructures, can guide the structure and morphology better than the chemical 
bath deposition (CBD) method illustrated in Chapter 4. One thing to notice is that, 
with hydrothermal method, many ordered arrays of nanostructures (nanorods, 
nanowires, nanoflowers, nanourchins, nanotubes and hollow nanospheres) could 
be created just by properly choosing the solvent, temperature and time for the 
reaction.
[1-2]
 The synthetic strategy Chapter 4 used is chemical bath deposition, 
which is hard to have control on the morphology. Thus I used hydrothermal 
method and organic precursor; therefore, this method can only generate nickel 
copper carbonate rather than nickel copper hydroxide. Then annealing process is 
needed to remove the organic part and the material becomes nickel copper oxide. 
Based on literature, it is hard to get nickel copper oxide phase without any other 
impurities using this method. Thus, this chapter focused on nickel copper oxide. 
Another method is used for the synthesis of NiCu hydroxide, which is presented 
in Chapter 8. Thus, in this chapter, I investigate whether copper can be 
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successfully incorporated into nickel oxide by this method and the supercapacitor 
performance of those materials produced under different temperature and also try 
to corroborate the valuable effect of copper.  
5.1 Background 
We believe that the intrinsic nature of the metal oxide hinders the performance 
and development of supercapacitor materials: (1) The metal oxide is making the 
rate capacity very poor; (2) The incorporation of binders and other additives could 
limit the active sites which deteriorate the performance, making the specific 
capacitance low; (3) The ancillary/binder at the same time give rise to additional 
detrimental grain boundaries which are quite detrimental because there would be 
a large amount of joule heat produced during the repeated charge discharge 
process, making the cycle life short. Therefore, to boost the performance of 
supercapacitors, it is pressing to modify the active material and design advanced 
architectures.  
 Herein, based on the above considerations, there are two strategies are 
utilized. We expect our samples could be a low-cost and high-performance 
candidate for the supercapacitor application.  Firstly, copper, which is adjacent to 
nickel in the periodic table, is chosen to be incorporated into the nickel oxide. 
Secondly, the binder-free method is adopted to grow active material directly on 
the current collector, avoiding tedious preparation and exhibits good mechanical 




The method we chose is hydrothermal method which has been interpreted in 
Chapter 3. The chemicals and concentrations used in this chaperts are: 0.5 m mol 
of CuCl2, 0.75 m mol of NiCl2 6H2O, and 5 m mol of urea were dissolved in 25ml 
deionized water by continual stirring. 
5.2 Results and Discussion 
5.2.1 Effect of hydrothermal conditions and structural/morphological studies 
As demonstrated in many experiments, and from our own preparation 
experience, the temperature has a great influence on the morphology of the 
material and subsequent performance. A series of hydrothermal synthesis 
experiments were performed at different reaction temperatures of 90, 120,135 and 
150℃ for 4 h while keeping other parameters the same. And they are denoted as 
NCO-90, NCO-120, NCO-135, and NCO-150 for convenience. 
 The morphology of the materials synthesized at different temperatures was 
examined by SEM, as shown in Figure 5.1. From the low magnification image, 
the Ni foam skeleton was uniformly covered by the material. More notably, there 
is not any considerable morphological change after the annealing. The initial 
shape can be conserved, without collapsing and cracking, which favors the 
mediation of the structure and morphology of oxides by simply controlling the 




Figure 5.1 SEM images of the products at different reaction temperatures: (a) 90 °C, 




Figure 5.2 XRD patterns of the products at different reaction temperatures: (a) 90 °C, 
(b) 120 °C, (c) 135 °C and (d) 150 °C. 
When the temperature was 90℃, the sample mainly showed cubical shapes 
with 2–3 μm width and smooth faces. When the temperature was 120 ℃, 
nanowires were grown on the substrates by generating a net-like sheet. The 
network here was actually composed of adjoining nanowires or nanowire bundles. 
When the temperature was elevated to 135℃, the wire grew thicker and prone to 
grow perpendicular to the substrates generating nanoneedles rooting on the 
substrates. When temperature was 150℃, the products exhibited two kinds of 
morphologies. One was bunchy 1D rods; the extra has cuboids morphology. The 
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similar morphology change has been reported for titanium oxide at different 
temperatures.
 [3] 
The crystal structures of the samples were examined by using X-ray diffraction 
(XRD). Figure 5.2 presents XRD patterns of the samples. All these samples show 
Ni peaks of the Ni foam substrate. When the temperature was 90℃, three peaks of 
CuO were observed in Figure 5.2a. The other two peaks have similar positions as 
those in XRD patterns of the other samples (See Figure 5.2b-d), and can be 
matched to Cu0.2Ni0.8O or Ni2CuO3 after examining JCPDF cards of various 
materials containing Cu, Ni and O. (The binary oxides are synthesized instead of 
just single metal oxide.) Table 5.1 lists positions of the peaks (not including those 
of Ni substrate) in the XRD patterns of the different samples, and also the peak 
positions of Cu0.2Ni0.8O (JCPDF Card No. 25-1049) and Ni2CuO3 (JCPDF Card 
No.40-0959). It can be seen that all the diffraction peaks of the different samples 
can be well matched to Cu0.2Ni0.8O. However, it is difficult to know whether some 
peaks also belong to Ni2CuO3, even though the peak positions have been 
calibrated by using the substrate Ni peak positions. In addition, there are only two 
peaks in Figure 5.2a, 2c, 2d, which may not be sufficient to determine the phases 
of the samples. It is known that peaks only appear for the planes parallel to the 
XRD stage, in the diffraction mode we have used. The existence of less XRD 
peaks of a material means that the grains are not randomly oriented so that some 
planes are not parallel to the XRD sample stage. For example, there can be just 
one peak exist for a single crystal sample. To solve the phase uncertainty problem 
for our samples, we thus refer to TEM diffraction for further information. Our 
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purpose was to obtain the electron diffraction rings from all lattice planes from 
many random nanowires or grains of the samples. If all these rings are recorded, 
we can then determine the phased existing in the samples. 
Table 5.1 Peak positions in the experimental XRD patterns and peak positions of 
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Selected area electron diffraction (SAED) patterns of the samples synthesized 
at 120℃, 135℃ and 150℃ are shown in Figure 5.3b, c and d, respectively. There 
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is no SAED pattern for the 90℃ sample, because the particles are too big or thick 
for electrons to penetrate for generating enough signals. Furthermore, we are not 
interested in the 90℃ sample which is composed of big particles. They are not 
suitable for supercapacitor application due to small surface area. The TEM image 
of many nanowires gathering together in Figure 5.3a is just a typical example of 
the regions of the TEM samples, where the SAED patterns are taken. The three 
patterns in Figure 3b, c and d are similar. From JCPDF cards, we know that 
Cu0.2Ni0.8O has a face-centered cubic (FCC) structure while Ni2CuO3 has an 
orthorhombic structure. If both phases exist in the samples, we should obtain 
diffraction rings belonging to FCC and also orthorhombic structures. One simple 
and reliable way is to examine the ratios of the ring diameters and comparing 
them with the ratios of lattice spacing of FCC and orthorhombic structures. We 
try FCC first using all allowed low order diffraction planes (hkl). It is known that 
the reciprocal lattice spacing of a cubic structure crystal is proportional to 
√h2+k2+l2, where h, k and l are Miller Indices. For FCC, h, k, and l must be 
unmixed, and the sequence of SAED rings must therefore be 111, 200, 220, 331, 
222, 400, 331, 240, 224, etc. Table 5.2 lists the ratios of the (111) and (hkl) plane 
spacings of a FCC structure, and the ratios of ring diameters (r1/rn) of the SAED 
patterns of the samples. It is observed that there is a perfect match for all the 
samples. Such results suggest that our samples have FCC structure. Since it is 
impossible for these two different structures to have identical lattice spacing ratios, 
no attempt is needed to compare with the ratios of an orthorhombic structure. The 
lattice spacings (d values) were further calculated from the ring diameters and 
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they were in accordance with those of Cu0.2Ni0.8O shown in Table 5.3. Therefore, 




Table 5.2 Theoretical ratio of ring diameters from selected electron diffraction pattern 
of material with FCC (face-centered cubic) structures and the experimental ratio deducted 


































ring 1 to  
ring n 
(120 ℃)  
Diameter 
ratio of 





ring 1 to  
ring n 
(150℃)  
(111)  1.732  1  1  1  1  1  
(200)  2  86.6%  2  86.6%±2% 86.7%±2%  85.7±2%  
(220)  2.828  60.82%  3  60.8%±2%  61%±2%  60%±2%  
(311)  3.316  51.86%  4  51.8%±2%  51.7±2%  51.6%±2%  
(222)  3.464  50%  5  50%±2%  50%±2%  50%±2%  
(400)  4  43.3%  6  43%±2%  42.9%±2%  42.9%±2%  
(331)  4.358  39.7%  7  39.6%±2%  39.5%±2%  39.4%±2%  
(240)  4.472  38.73%  8  38.7%±2%  38.9%±2%  38.8%±2%  





Figure 5.3(a) Typical TEM images of the nickel copper nanowires; (b, c, d) Selected 
area electron diffraction (SAED) pattern of materials synthesized at different 






Figure 5.4 TEM images and corresponding high resolution images of the TEM images and 
corresponding high resolution images of the products at different reaction temperatures: (a, a’) 
90 °C, (b, b’) 120 °C, (c, c’) 135 °C and (d, d’) 150 °C. 
Table 5.3 Lattice spacings (d value) of Cu0.2Ni0.8O and d value calculated from selected area 
electron diffraction (SAED) patterns of material synthesized at different temperature (Figure 5.3).   
D value of 
Cu0.2Ni0.8O(PDF 
Card) (nm) 
D value from 
SEAD 
(120℃) 
D value from 
SEAD 
(135℃) 
D value from 
SEAD 
(120℃) 
0.242  0.241±0.002  0.245±0.002  0.244±0.002  
0.209  0.209±0.002  0.212±0.002  0.209±0.002  
0.147  0.147±0.002  0.149±0.002  0.147±0.002  
0.126  0.125±0.002  0.127±0.002  0.126±0.002  
0.121  0.121±0.002  0.122±0.002  0.122±0.002  
0.105  0.104±0.002  0.105±0.002  0.105±0.002  
0.096  0.095±0.002  0.097±0.002  0.096±0.002  
0.094  0.093±0.002  0.095±0.002  0.095±0.002  
0.085  --  0.086±0.002  0.085±0.002  
 
 Typical low and high resolution TEM images of the nanowires are shown in 
Figure 5.4. In consistence with the SEM images, the products change from cuboids to 
nanowires as seen in Figure 5.4a-d. From Figure 5.4a’, the cubes are composed of 
several grains of CuO and Cu0.2Ni0.8O. The grain size is estimated roughly to be 8-10 nm. 
From Figure 5.4b’, the single nanowire contains several Cu0.2Ni0.8O grains with different 
orientations. The dark and bright color areas represent the roughness nature of the 
nanowires. When the temperature is elevated to 135℃ (Figure 5.4c’) and 150 ℃ (Figure 
5.4d’), the nanowires become nearly single crystal wires with a diameter increasing. This 
may explain why XRD for these two samples have simply two peaks, while 5 peaks 
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appear for the 120℃ sample.  The particle size, as obtained from XRD by using Scherer 
equation
[4-5]
 of  
Deff=Kλ/Bcos(θB)                                                                                                    [5.1]                                                                                                                                                                                              
is about 13, 24, and 35 nm for the 120℃, 135℃ and 150℃ samples, respectively, 
which are in agreement with the TEM observation. 
The reasons for the morphology evolution from low temperature to high temperature 
are postulated as follows. Under hydrothermal growth, two mechanisms exist: Ostwald 
ripening process and the oriented attachment.
 [6] 
The morphology change from 90℃ to 
120℃ could be due to kinetics. When a certain condition (such as temperature) is reached 
during the hydrothermal synthesis, the nuclei of the ―target‖ would be formed by the 
indirect-supply reaction source and other ions existing in the reaction solution; here is the 
OH
-
 supplied by urea. 
[7]
 At lower temperatures and lower pressure (here 90℃), the 
diffusion of urea is limited. The effect of urea acting as the capping agent to control the 
growth has not been fulfilled. Thus, cuboids instead of nanowires form. The formation of 
nanowires from 120℃  can be explained by multiple nucleation and oriented attachment. 
[8-9] 
The increase of the diameter at 150℃ can be explained by Ostwald ripening. [10] 
Larger nanowires tend to grow even larger at the expense of thin nanowires.  
    In the hydrothermal process, the formation of the precursor in our case involves three 
steps: precipitation from the supersaturated precursor solution; growth of the precursor; 
and dissolution and reformation of the nanowires formed. Our hypothesis is the case that 
when the temperature is low, the nucleation rate is low, the growth rate is high, and so the 
materials tend to aggregate and coalescence forming cuboids. To reduce the surface 
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energy, the cuboids stack together quickly. When the temperature is elevated, the 
pressure is also elevated in the autoclave; the decomposition of urea guides the growth of 
nanowires. The preferred orientation is promoted while the additional directions are 
suppressed. 
 In order to gain more insight into the structural evolution and growth process of 
the Cu0.2Ni0.8O nanowires, a series of time-dependent experiments were performed. In all 
of these experiments, experimental conditions including temperature and reactant 
concentrations remained the same. Reaction time, the only variable, was placed to be 2, 4, 
6 and 8 hours. 
    The morphology is found reliant on time. The sequential images shown in Figure 
5.5 clearly reveal a morphological evolution from visible wrinkles and ripples to sheet-
like aggregates. The precursors exist in homogeneous solution at the first place, and then 
transfer into the ultimate products under three mechanisms which include precipitation 






Figure 5.5 SEM images of the products at different reaction times: (a) 2(b) 4(c) 6(d) 8 hours. 
 The morphology change can be attributed to the effect of urea. Employment of 
urea can lead to the formation of metal oxides nanowires which have been reported many 














+O2→6Cu0.2Ni0.8O+6NH4+ +3CO2     [5.2]                                                              
 From Figure 5.5a, an uneven layer, with some grooves or wire-like features, is 
formed on the surface of the substrate. After the reaction processed for 4h, nanowires (see 





. When time was prolonged to 6h, a sheet consisted of denser nanowires 
was formed. (See Figure 5.5c) When the time is 8h, nanowires become longer and more 
visible. The phenomena of nucleation, dissolution, recrystallization in materials growth 




 X-ray photoelectron spectroscopy (XPS) analysis was performed to study the 
valence state of Ni and Cu. In Ni 2p spectrum of the samples (Figure 5.6a), two obvious 
shakeup satellites close to two spin-orbit doublets at 870 and 852 eV are identified as Ni 




 For peaks from Cu, the binding 
energy of 951 and 931eV could be attributed to Cu
2+





Figure 5.6 XPS spectra of (a) Ni 2p and (b) Cu 2p of nickel copper oxide. 
5.2.2 Electrochemical performance 
 Our synthesized Cu0.2Ni0.8O nanowires show small diameters, possess high 
surface area as well as an open framework nanostructure, which can be beneficial as 
electrodes for supercapacitor applications. These features may ensure the easy 
transportation of electrolytes through their mesopores and the efficient Faradic reactions. 
Hence, the electrochemical performance of the as-prepared hierarchically porous sheet of 
Cu0.2Ni0.8O nanowires was studied using a three-electrode system for its potential 
application as supercapacitor electrode material.  
 75 
 
The optimal temperature is 120 from Figure 5.8 and then cyclic voltammetry studies 
have been performed on NCO-120 electrode in a potential window of 0−0.5 V using 1.0 
M KOH as an electrolyte. The potential window is chosen to avoid the occurrence of 
oxygen evolution reaction. Figure 5.7a displays CV curves and the shapes of them 
represent the pseudocapacitive behavior of NCO, which is different from the typical 
rectangular CV curves characteristics of the EDLCs. A pair of broad redox peaks 
(centered at 0.18 V and 0.38 V respectively) can be observed in the CV curve. To date, 
no reports on the nickel copper oxide supercapacitors, based on the present CV data and 
previous literature reports on the CV of pure NiO and CuO in alkaline electrolytes,
 [24-27]
 
the electrochemical event during charging and discharging could be explained as follows: 
        
             
                                                                      [5.3] 
                                                                                                      [5.4] 
There are two mechanisms for the pseudocapacitive behavior. The basic mechanism is 
the oxidation/reduction of the electrode. The additional mechanism is the surface 
adsorption and desorption of alkali metal ions. The broad peak is derived from the 
different oxidation states of the binary Ni-Cu oxide. The calculated specific capacitances 
were 1955, 1903, 1816, 1676 and 1542 F g
-1
 at scan rates of 1, 5, 10, 25 and 50 mV s
-1
, 
respectively. Very notably, the sample of Cu0.2Ni0.8O nanowires exhibits excellent rate 
capability of retaining capacitance at high scan rates. At 50 mV s
-1
, with the 50-fold 
increment in the sweep rate, our NCO-120 still retain 79% of the capacitance compared 
to that at 1 mV s
-1
, while the value of pure nickel oxide has shown 33% retention;
 [28]
 the 
nanosheets fabricated has only shown 66% retention.
[29]
 This may be ascribed to the 
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binary nickel copper oxide that has multiple achievable oxidation states and better 
stability than the binary metal oxides (here nickel oxides and copper oxides) enabling 
rich redox reactions even at high scan rates. 
 
Figure 5.7(a) CV curves at different scan rates and (b) CD curves at different discharge 
currents of the electrodes synthesized at 120 °C for supercapacitor application. 
 Charge−discharge measurements were carried out at various current densities 
ranging from 1 to 50 mA. Even at high current of 10, 20, 50 mA, the calculated specific 
capacitances are 1497, 1462 and 1456 F g
-1
, respectively. The corresponding areal 
capacitances are 2.24, 2.19 and 2.18 F cm
-2
. The areal capacitance is comparable to core-
shell Co3O4@NiO structure.
 [30]
 Furthermore, the coulombic efficiency (CE) of these 
NCO electrodes is approximately 99% which can be calculated from the curves, 
indicating highly efficient ion insertion/extraction. The outstanding capacitance values of 
the Cu0.2Ni0.8O electrode can probably be explained on two counts: (1) it is due to the 
porous 1-D morphology, high aspect ratio and surface area of the material. The active 
participation of nano-channels that assist maximum contact of OH
- 
ions for redox 
reactions.(2) The material grows directly on the substrates without adding polymer binder, 
highlighting the importance of direct growth of nano-materials on current collector to 
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impart intimate interactions and efficient charge transport between the active nano-
materials and the nickel network. 
 The CV and CD curves of the samples prepared at different temperatures were 
compared in Figure 5.8. Compared to nanocube-shaped NCO with lower pore volumes, 
the nanoneedle-shaped and nanowires NCO has large electroactive surface sites for better 
electrolytic contact, resulting in the highest charge storage capacity among the fabricated 
morphologies. The capacitance showed a strong correlation of NCO with dissimilar 
structures synthesized at different temperature in this work. From the SEM and TEM 
pictures of the corresponding samples prepared at different temperatures, when the 
temperature is 90℃, the cuboids have relatively small surface areas acting as the sites for 
electrochemical reaction; when the temperature is 135℃, the nanoneedles do not contact 
each other, the conductivity is not good enough. When the temperature is 150℃, disorder 
and unsystematic morphology hinder the ion movement. The best result comes from the 
nanowires corresponding to 120℃. The loose texture, rough nature and sufficient space 
between the thin nanowires contribute to the fast ion flux across the electrode. Nets lie 
instead of standing up on the current collector. Based on the scan-rate dependence of CVs 
(Figure 5.7a) and the morphologies of the sheets of NCO nanowires (Figure 5.1b and 
5.4b), we attribute the enhanced rate compatibility for the electrode with a thinner NCO 
layer thickness to the higher charge transport rate across the thinner NCO layer and/or to 




Figure 5.8 (a) Specific capacitance as a function of scan rates of materials synthesized at 
different temperatures; (b) charge–discharge curves of the materials synthesized at different 
temperatures made from the hierarchically porous nickel copper oxide for supercapacitors 
application. 
 In the meantime, the pristine NiO and CuO were also investigated. XRD and 
SEM results of these two materials could be found in the supporting information Figure 
5.9 and Figure 5.10. The cyclic voltammetry curves and EIS results are presented in 
Figure 5.11. It is shown that both NiO and CuO have a pair of redox peaks, which is 
similar to the binary metal oxide. The capacitances of these two materials are calculated 
to be 1400 and 900 F g
-1
 at 5 mV s
-1
, which are significantly lower than that of 
Cu0.2Ni0.8O. Furthermore, the EIS results show that the pristine single metal oxide has 




Figure 5.9 XRD result of the pristine NiO and CuO. 
 
Figure 5.10 SEM images of the pristine NiO and CuO. 
 
Figure 5.11 (a) CV curves of pristine NiO and CuO; (b) Electrochemical impedance spectra of 
pristine NiO and CuO. 
In practical application, supercapacitors are often undergone charge-discharge at large 
current density. Cycling performance is another key factor in determining the 
applicability of supercapacitors for many practical applications. In this study, a long-term 
cyclical stability of the as-synthesized products as an electrode material was evaluated by 
repeating charge-discharge at a considerable current: 60mA. The result (Figure 5.12a) 
reveals that the electrode of Cu0.2Ni0.8O nanowires has excellent capacitance retention. 
Initially there is a slight increase in the specific capacitance, a similar behavior was 
observed in other pseudocapacitance materials,
 [31-33]
 which subsequently stabilizes and 
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then starts to decrease. We record after the material is activated and the specific 
capacitance stopped increasing. High capacitance retention of about 90% was reached 
after 1000 cycles at a current density of 10 A g
-1
, implying good ion diffusion and 
electron transport ability at high current density. The problem of cycling of pure nickel 
oxide system
[34-35]
 is a little bit enhanced. The reasons for the excellent cycling 
performance may be the following. Firstly, binary Ni-Cu oxides can effectively reduce 
the surface energy of the active nano-material than single element oxide,
 [36-37]
 which 
protects against side reactions between the electrode and the electrolyte that would lead 
to a high level of electrochemical irreversibility and at the same time avoids particulate 
aggregation that may lead to poor cycling stability.
[38-39]
 Secondly, the 1-D structure and 
the smaller size of Cu0.2Ni0.8O nanowires, make it a satisfactory and functional electrode 
which has better stability in cycling test. 
 
Figure 5.12 (a) Cycle performance of nickel copper oxide (NCO-120), (b) electrochemical 
impedance spectra of NCO hierarchical structures (NCO-120 on nickel foam). 
Electrochemical impedance spectroscopy further confirms the favorable performance 
of NCO-120. Nyquist plots (Figure 5.12b) contain a partially overlapped quarter of a 
circle and a straight sloping line. The real axis intercept represents the equivalent series 
resistance, which is a combination of ionic resistance of the electrolyte, electrical 
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resistance of the electrode, and contact resistance at the active material/current collector 
interface (Rs), which is also known as the equivalent series resistance (ESR).
[40-41]
 The 
experimental results show that the Rs is estimated to be about 0.78 Ω, much smaller than 
those reported elsewhere.
 [42-43]
 The RF is the resistance due to some discontinuity in the 
charge transfer process at the solid oxide/liquid electrolyte interface which arises from 
the difference in conductivity between the solid oxide and the aqueous electrolyte phase. 
[44]
 From the plot, it is estimated to be about only 0.04 Ω. Interaction between NCO and 
nickel foam could be covalent chemical bonding and van der Waals interactions which 
afford facile electron transport. 
Power density (PD) and energy density (ED) are two key parameters for evaluating the 
performance of a supercapacitor. Researchers have worked vigorously on ameliorating 
the power density and energy density of an energy storage device. Here, to examine PD 
and ED, we have fabricated an asymmetric supercapacitor by combining our electrode 
with activated carbon film. The advantage of the asymmetric full cell is the combination 
of high specific capacitance of the positive transitional metal oxide and the wide 
operating potential window extended due to the overpotential of reversible hydrogen 




 In the two electrode configurations of our asymmetric supercapacitor, the anode 
was annealed Cu0.2Ni0.8O nanowires grown on a piece of 2 cm
2
 nickel foam, and the 
cathode was carbon black on another 2 cm
2
 nickel foam. Weights of anode (Cu0.2Ni0.8O 
nanowires) and cathode (carbon black) were 4 and 16 mg, respectively. The chosen ratio 
of the weights of cathode and anode was based on Zheng’s [48] theoretical works 
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proposing that the energy density could reach the maximum value when the ratio of 
anode to cathode was 4:1.  
 
Figure 5.13 (a) CV curves of the full cell at various scan rates; (b) charge–discharge curves of 
the cell at various current densities; (c) Ragone plots of the asymmetric supercapacitor; (d) 
capacitance retention vs. cycle number of the asymmetric full cell at 20 mA cm
−2
. 
 Cyclic voltammagrams of the asymmetric full cell were performed with scan rates 
of 10 mV s
-1
, 25 mV s
-1
, 50 mV s
-1
, and 75 mV s
-1
, respectively. Encouragingly, the CV 
curves of the full cell exhibited a relatively ideal rectangular shape and near mirror-image, 
even the scan rate increased from 10 mV s
-1
 to 75 mV s
-1
, indicating that the asymmetric 
full cell has a high reversibility operating within various scan rates. Galvanic charging-
discharging were also performed at different current densities from 2 mA cm
-2
 to 20 mA 
cm
-2




Figure 5.14 (a) Digital image of typical electrodes ( positive and negative); (b, c) digital 
images of LED and fan powered by two assembled devices. 
different from the aforementioned three-electrode configuration, demonstrating the 
admirable electrochemical reversibility and good columbic efficiency of the asymmetric 
supercapacitor full cell. The performance of the asymmetric full cell is similar to that of 
EDLC ones. The calculated specific capacitance of the asymmetric full cell is 126 F g
-1
 at 
a current density of 2 mA cm
-2
.The value is close to the theoretical value of the full 
cell.
[49] 
Figure 5.13c shows Ragone plots, in which the superior device performance of 
our asymmetric supercapacitor is highlighted. The energy density decreases only from 
29.7 to 17.7 Wh kg
-1
 when the power density greatly increases from 129 to 1139 W kg
-1
. 
The good match of power density and energy density uncovers the promising application 
of this novel NCO based supercapacitor. The energy density achieved here is higher than 




 and also 
higher than other nickel based binary/ternary oxides Ni-Co, NiMoCo asymmetric 
supercapacitors.
 [52-53]
 The improvement in power density and energy density when using 
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Cu0.2Ni0.8O nanowires could be attributed to the high specific capacitance as well as the 
low contact resistance arising from the well-adhered interface. Good cycle stability is 
crucial for a supercapacitor device at high current densities. Thus we test capacitance 
retention of the asymmetric full cell at 20mA cm
-2
 for 5000 cycles. The capacitance 
changed within a narrow range and the retention was as high as 99%. Based on the results, 
such cycling performance is competitive with those of other asymmetric supercapacitors, 
such as Co(OH) 2 //activated carbon
[54]
 (93% retention after 1000 cycles at 10 mA cm
-2
, 
Ni(OH)2 //activated carbon 
[55]
 82% retention after 1000 cycles at 10 mA cm
-2
. 
Furthermore, while aiming to investigate the potential for real applications, 
supercapacitor devices were fabricated with using filter paper as the separator.  We tested 
the capability of using such supercapacitor devices to power small electric appliances. 
From Figure 5.14b and 14c, it can be seen that two series supercapacitors can light light-
emitting diode (LED) indicators (green 2.7V; red 1.8V) and run a fan (3V).  
5.3 Conclusions 
 Nickel copper nanowires (NCO) were successfully synthesized by a simple 
hydrothermal method. The influence of reaction time and temperature was explored for 
the possible formation mechanisms. The NCO prepared at 120℃  exhibited high 
gravimetric capacitance of 1955 F g
-1
 at 1mV s
-1
, and also a high areal capacitance 2.18 F 
cm
-2 
at a very high current of 50 mA, which is higher than pure copper oxide and pure 
nickel oxide reported elsewhere. The synergistic effect of nickel and copper enhances the 
overall electrochemical performance of the binary metal oxides. The asymmetric 
supercapacitor full cell (NCO//AC) delivered a high energy density (29.7Wh kg
-1
) as well 
as true EDLC-like behavior and excellent cycling stability at different current densities 
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up to 1000 cycles. We demonstrated the NCO as interesting material for electrochemical 
capacitors with potentially high energy densities, high rate capability, and long cycle life. 
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Chapter 6 Unraveling the correlation between nickel to copper ratio 
of ternary oxide and their supercapacitor performance 
As indicated in the previous chapters, to enhance the performance of transition metal 
oxides with unitary component, nickel oxide for example, ternary transition metal oxides 
(TTMOs) have attracted worldwide interest as supercapacitor materials because cationic 
substitutions in ternary oxides have shown dramatic improvements over their binary 
analogues. However, the optimum ratio between nickel to copper and the effect of nickel 
to copper ratio on the supercapacitor performance are lacking. Therefore, this chapter will 
explore the correlation between nickel to copper ratio in the nickel copper oxide system 
and their supercapacitor performance. 
6.1 Background 
TTMOs, which have been claimed to possess more active sites, higher reversible 
capacity, superior electronic conductivity, and improved stability, can ameliorate the 
capacitive performance by exerting the synergistic effect of different oxides.
[1-3]
 Several 
ternary oxides have been proposed for nickel oxide based supercapacitors. For example, 
nickel cobalt oxides
[4]
 and nickel manganese oxides
[5]
 have been reported to enhance the 
performance of pure nickel oxide in recent years. Our group has also discovered that 
nickel copper oxide (Cu0.2Ni0.8O) is another promising ternary oxide candidate to 
enhance the performance of pure nickel oxide, and an 30% increment in specific 
capacitance is achieved.
[6]
 Later other groups
[7-8]
 have also fabricated other kinds of 
nickel copper based oxide/hydroxide and the high supercapacitor performance is 
 91 
 
confirmed.  However, up to now, there is still a lack in the knowledge of copper content 
influence on nickel oxide samples and supercapacitor performance.   
It is well known that many factors will affect the electrochemical performance of 
TTMO based electrode materials, such as specific surface area, degree of crystallinity, 
and electrical conductivity. In addition to the above mentioned ones, composition is 
certainly another critical factor to determine the outcome. Supercapacitor performances 
largely depend on the composition and microstructure of the selected electrode materials. 
It has been proven that the specific capacitance of ternary metal oxides is highly 
composition-dependent and a composition control is necessary. Therefore, with a view to 
tailoring the physical and chemical properties of nickel copper oxide, it is indispensable 
to conduct further research into the effect of Ni/Cu ratio on their electrochemical 
performance. 
In addition to electrode material, a lighter substrate or current collector can make the 
total weight of the supercapacitor device low.  Previously, we chose nickel foams as 
current collectors/substrates for the growth of nickel copper oxide. Although commercial 
supercapacitors always choose metal foam/foil such as nickel foam as the current 
collector, Ni foam as current collector is still unsatisfactory. One reason is that they can 
be oxidized and have poor flexibility.
[9]
 The other is the heavy nickel foam will limit the 
energy density per total device weight; thus the realization of lightweight high-
performance supercapacitor to meet the requirement of various applications will be 
hindered.
[10]
 In addition, if we want to systematically investigate the effect of different 
metal species amounts on the electrochemical properties of the ternary nickel oxide based 
materials (here nickel copper oxide), the signal of nickel foam itself will influence the 
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accuracy of the nickel to copper ratio in characterization. Hence, carbon fiber papers, 
which possess the properties of light-weight, high conductivity and superior physical 
strength, become a pleasing choice in this work although some problems need to be 
solved. For example, the incompatibility between carbon and nickel oxide electrode 
material can lead to cracks or aggregations of the electrode material layer. Most papers 





(by KMnO4), before the growth of metal oxide on carbon paper.  To achieve 
sustainability, we avoid the use of them in this work. Instead, we succeed the higher 
coverage growth by using an easy environmental friendly dipping method: dip carbon 
fiber paper in ethanol and the precursor solution several times alternatively before the 
hydrothermal reaction.  
In this chapter, a systematic study on the Ni/Cu ratio of nickel copper oxide to 
supercapacitor performance is reported. This work fills the gaps, in both experimental 
data and knowledge, among the reported nickel copper oxides for supercapacitors.  
Furthermore, we have also solved problems of poor coverage and adhesion of nickel 
copper oxides on light-weight carbon papers. The concentration of nickel and copper has 
been controlled from precursors and processing, so that we can achieve nickel copper 
oxides and study the electrochemical characteristics of our electrodes as the Ni and Cu 
composition is varied. Material properties and pseudocapacitive performance of the Ni-
Cu ternary oxides with different compositions are then revealed, and deeper scientific 
understanding is achieved.  
6.2 Results and Discussion 
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An adjustment of Ni/Cu ratio in the ternary oxide was achieved by controlling the 





, ranging from 4:1, 3.5:1, 3:1, 2.5:1, 2:1 and 1:1, are denoted 
as NCO-a, NCO-b, NCO-c, NCO-d, NCO-e and NCO-f, respectively for simplicity.  
The morphologies of nickel copper oxides with different molar ratios were examined 
by field emission scanning electron microscopy (FESEM), as illustrated in Figure 6.1. It 
is evident (Figure 6.1a-f) that all of the NCO samples demonstrated a wire-like 
morphology, except for NSO-e, which showed a flake-like morphology. The open-
network or interspaces among these nanowire arrays can be accessible by electrolyte 
directly, which shortens ion-diffusion paths and improves the utilization rate of electrode 
materials in practical application of supercapacitor.
[13] 
The reasons why only NCO-e 
exhibits flake structure are still unknown. However, the mechanism of urea as surfactant 
affecting the morphology of the ternary oxide is by and large elusive. Copper 
incorporation did not render an influential change in the surface morphology generally. 
From the low magnification images of all the samples (Figure 6.1a’-f’), NCO 
nanostructures are distributed uniformly without severe aggregation over the skeleton of 
carbon fibers and the  coverages of electrode materials on the carbon fiber paper are very 
good for all the samples. It should be mentioned that the coverage was very poor without 
our substrate treatment of dipping carbon fiber paper in ethanol and the precursor 
solution several times alternatively before the hydrothermal reaction. We believe that the 
nascent precursors attached to the carbon fiber paper function as the nucleation sites. In 
addition, no cracks are observed in the coatings on carbon fiber papers. The quality of 




Figure 6.1 SEM images  of all the samples with different nickel to copper ratios:(a,a') Ni:Cu=4; 
(b,b’)Ni:Cu=3.5; (c,c’) Ni:Cu=3; (d,d’) Ni:Cu=2.5; (e,e’) Ni:Cu=2; (f,f’) Ni:Cu=1. 
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paramount in the cycling performance of supercapacitors. The growth of material on the 
carbon fiber paper is comparable to that on nickel foam, suggesting the high loading of 
NCO and guaranteeing the achievability of a high-performance lightweight 
supercapacitor.  
Energy-dispersive X-ray spectroscopy (EDS) accompanied with SEM analysis 
confirmed the chemical composition of the as-synthesized material. Because analogous 
phenomena were found in the other ternary oxides sharing similar morphology, as an 
example, only mapping results for NCO-e are illustrated in Figure 6.2. It is obvious that 
nickel, copper and oxygen are distributed homogeneously without segregation in the 
material. To get insight into the accurate ratio between nickel to copper, inductive 
coupled plasma (ICP) tests have been conducted. The analytic results shown in Table 6.1 
reveal that the ratios of nickel to copper in the oxide phase are quite similar to those in 
the precursor solutions. 
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Figure 6.2 SEM Mapping of the material (a) image (b) Ni (c) O (d) Cu. 
 
Table 6.1 Measured molar ratio of all the samples between nickel to copper based on the ICP 
results 
Samples  NCO-a NCO-b  NCO-c NCO-d NCO-e   NCO-f  
Precursor ratio (Ni:Cu) 4.0 3.5 3.0 2.5 2.0 1.0 
ICP determined ratio (Ni:Cu) 3.7 3.5 2.9 2.5 2.2 1.1 
 
 
The morphologies were further examined by TEM. The corresponding results are 
presented in Figure 6.3. They are in consistency with the SEM results: except for NCO-e 
which was composed of flakes, all the other samples demonstrated nanowires cluster 
structure. The TEM images reveal that the nanowires are very thin that is favourable to 




Figure 6. 3 TEM images  of all the samples with different nickel to copper ratios:(a) Ni:Cu=4; 




Figure 6.4 Typical XPS survey spectra for NCO (a) Cu 2p (b) Ni 2p. 
Possible formation mechanism of the nanowires structure can be described as follows 
(1) the OH
-




 to form the nucleation 
centre, (2) after prolonged hydrothermal treatment, the precursors grow into nanowires. 
To delve into the crystal structure of the synthesized nickel copper oxide, selected area 
electron diffraction (SAED) has been utilized. The six SAED patterns of nickel copper 
oxide shown in Figure 6.5 with different molar ratios do not exhibit noticeable 
differences; and all the strong diffraction rings can be assigned to  nickel oxide (NiO, 
JCPDS Card No. 47-1049), maintaining the face-centred cubic (FCC) structure. Thus, it 
appears that the FCC structure can be maintained at any ratio of Ni: Cu. This may be due 
to that Cu and Ni are adjacent in the periodic table. Since these two metals are adjacent in 
the periodic table, their ions are miscible and the sizes of them are similar. All of these 
similarities in Cu and Ni offer opportunities to obtain Cu incorporated nickel oxide. The 
nickel oxide lattice structure is tailored by partially substituting nickel for copper. 
Furthermore, no discernible diffraction ring corresponding to any of the known copper 
oxides can be found, indicating the formation of Ni-Cu solid solution, rather than a 
compound of nickel oxide and copper oxide. The lattice constants of NiO from JCPDS  
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Figure 6.5  SAED patterns of all the samples with different nickel to copper ratios:(a) Ni:Cu=4; 




Card (47-1049) and the experimental D (lattice spacing) values calculated from SAED 
results are listed in Table 6.2. However, the existence of other secondary phases such as 
Cu2O and Ni2O3 cannot be excluded since their possible presence is nano-crystalline or 
amorphous clusters with small quantities, which is hard to be detected. 
Table 6.2 D (lattice spacing) values determined from SEAD of all the samples compared 






























0.241  0.247±0.005 0.246±0.005 0.244±0.005 0.243±0.005 0.246±0.005 0.245±0.005 
0.209  0.213±0.005 0.209±0.005 0.215±0.005 0.214±0.005 0.213±0.005 0.211±0.005 
0.148  0.152±0.005 0.149±0.005 0.151±0.005 0.151±0.005 0.152±0.005 0.149±0.005 
0.126  0.127±0.005 0.126±0.005 0.126±0.005 0.125±0.005 0.126±0.005 0.125±0.005 
0.104 0.109±0.005 0.108±0.005 0.108±0.005 0.107±0.005 0.108±0.005 0.108±0.005 
0.096 0.097±0.005 0.097±0.005 0.096±0.005 0.096±0.005 0.096±0.005 0.096±0.005 
 
The electrochemical properties of the as-prepared nickel copper oxide grown on carbon 
fiber paper were separately evaluated using cyclic voltammetry (CV) technique in three-
electrode configuration from 0-0.5 V. The capacitance contributed by the bare current 
collector/substrate (carbon fiber paper here) was determined to be negligible. Similar 
shapes of all the samples in Figure 6.6a indicate similar electrochemical processes for all 
the samples. Noticeably, the areas under the CV curve of NCO-a and NCO-b were much 
larger than those of the pure nickel oxide, which was used as a reference. These CV 
curves and specific capacitances indicate that, as the Cu/Ni ratio increases from 0 to 1/3.5, 
the current density and the integrated charge basically increase and then reach a 
maximum at the composition of 1/3.5. After this point, the addition of Cu in the precursor 
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decreases the supercapacitor performance. In this potential range, copper undergoes a 
redox reaction between Cu(II) and Cu(III).
[18]
 However, no additional redox peaks are 
shown here. One possible explanation is that it may overlap with the redox peak of nickel. 




 than NiO 
(1300~1700 F g
-1
) makes people predicting that the capacitance decreases at a higher 
substitution of copper since nickel is the key contributor to the pseudocapacitance. 
However, our results reveal differently. Regardless of the fact that genuine explanations 
for the trends are not very clear temporarily, the significant role of copper incorporation 
is out of question since after the introduction of Cu, the electrochemical performance of 
nickel oxide increases and reached maximum at a Cu/Ni ratio of 1/3.5. These results 
authenticate the desirable role of copper as an incorporating element to nickel oxide. It 
may be possible that the incorporation of copper can lead to valence states change and 
conductivity increase. From literature, researchers already found that the incorporation of 
copper could lead to an increase in conductivity. For example, Moghe et al.
[22]
 noticed 
that with the increase of copper concentration in nickel from 0% to 10%, the optical 
bandgap decreased from 3.20 to 2.96 eV and the electrical resistivity also decreased. 
Chen et al. has found that the resistivity of NiO film is tremendously decreased when 
copper is doped (18 at.%), and the hall measurement shows p-type conduction for all Cu-
doped NiO because a large amount of lattice sites of Ni
2+
 ions in a NiO crystallite is 




The enhancement on the specific capacitance of a Ni1-xCuxO 
electrode may be related to lattice distortion of NiO due to the Cu doping. Additionally, 
Turkey
[24] 
has found catalytic properties of nickel copper oxide.  
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Capacitive performances of the as-prepared NCO electrodes were further scrutinized 
by galvanostatic charge-discharge technique. The discharge curves recorded at a current 
density of 2.5 A g
-1
 for different samples are shown in Figure 6.6b. Each discharge curve 
is comprised of two parts: one is the resistive component: IR drop, and the other is a 
capacitive component: oblique line. The heights of the oblique lines are quite similar for 
all the samples, while the lengths differ. It is perspicuously detected that the discharge 
time of NSO-b is the largest, and NSO-a ranks second. It has been suggested that the 
overall performance of a supercapacitor material wasn't determined by a single factor, but 
the interplay of various factors including the morphology, composition, conductivity, and 
so on. Since almost all the samples have similar morphology, we conjecture that the 
improved performance is attributed to the improved electrical conductivity and 
electroactive sites due to possible valence interchange or relatively low activation energy 
between Cu and Ni cation ions in a charge hopping process. The energy level of Cu 3d10 
is comparable to that of O 2p6 and the formation of covalent bonding is possible, which 
can lead to a large dispersion in the valence band and reduction in localization of positive 
holes. These result in the formation of an extended valence band structure, which 
enhances electrical conductivity.
[25]
 It has also been conjectured that more favorable 
lattice arrangement, i.e. a more open lattice, favor the OH
- 




Figure 6.6 (a) CV curves at a scan rate of 1 mV s
-1
, and (b) discharge curves at a current 
density of 2.5 A g-1 of all the samples with different nickel to copper ratios.  
Figure 6.7 shows specific capacitances at different discharge current densities of our 
nickel copper oxide samples. The gravimetric specific capacitances C is derived from the 
following Equation 6.1 
[26]
 
        
  
  
                                                                                                                    [6.1] 
 
Figure 6.7 Capacitances of different samples at different current densities :(a) specific 
capacitance based on the weight of active material only; (b) specific capacitance based on the 
total weight of active material and carbon fiber paper 
where C ( F g
−1
) is specific capacitance, is potential window, I (A) is discharged 
current,  (s) is discharged time. Two different masses (m) are used for the calculation of C: 
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the mass of the active material only (Figure 6.6a), and the total mass of the active 
material and carbon fiber paper (Figure 6.6b). In literature, when evaluating 
supercapacitor performance, most reported capacitance are calculated based on mass of 
active materials only and do not take into account the mass of the substrate (or current 
collector). However, to evaluate the device-level performance, it is necessary to calculate 
the capacitance based on the total weight.  This is because even if the specific capacitance 
of the active material is high, the specific capacitance of the device is in fact mediocre if 
the substrate is heavy. It can be seen straightforward that sample NCO-b has a much 
better electrochemical performance than the others. The trend from charge-discharge tests 
correlated well with the CV results. The specific capacitance per mass of the active 
material (NCO-b) is 2867 F g
-1
at a discharge current density of 1 A g
-1
. While the 
capacitance per total mass of NCO-b and the substrate reaches a very high value of 716 F 
g
-1
, owning to the light weight of the carbon fiber substrate (current collector). The 
specific capacitance decreases gradually with increased current densities, because 
electrolytic ions can be more difficult to diffuse and migrate into active materials 
synchronized with a faster charge/discharge. NSO-b still delivered a high capacitance of 
2439 F g
-1 
at a higher discharge current density of 5 A g
-1
, corroborating the outstanding 
rate performance.   The capacitance per total mass of NCO-b plus the substrate was also 
high (~609 F g
-1
). In the process of high-rate charge-discharge, the ionic motion in the 
electrolyte is controlled by diffusion owing to the time constraint, and the inside active 
material makes no contribution to charge storage. That is why the capacitance decreases 
with an increase in discharge current.  The specific capacitances of the samples with 
different Ni/Cu ratios, based on the CV and charge-discharge results, reveal that charge 
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storage ability is the highest when Cu/Ni =1/3.5. A higher and smaller amount of Cu 
rendered an adverse effect, as recognized in Figure 6.7. To elucidate the trend, the 
introduction of copper ion into nickel oxide lattice may promote the charge transfer, 
increase the conductivity and enhance the activity. To testify our hypothesis, 
electrochemical impedance spectroscopes (EIS) of all the electrodes are measured, 
applying 5 mV AC voltage in the frequency range from 100 kHz to 1 Hz. Figure 6.8a 
shows the Nyquist plots for all the samples, which share the common feature of an arc 
associated with charge transfer at high/medium frequency and an inclined line at low 
frequency. Equivalent series resistance (ESR) in the electrode/electrolyte system can be 
obtained from the X-axis intercept of the Nyquist plot that is composed of both the 
electrolyte resistance and electronic resistance of electrodes. The ESRs of samples NCO-
a and NCO-b were smaller than those of other samples, which again confirmed their 
superiority in conductivity. It is worth noting that an arc instead of a semicircle is 
observed, indicating a small charge transfer resistance between electrolyte and 
electrodes.
[27]
 This explains the high rate capability of the NCO samples. The intersection 
with the abscissa depends on the internal resistance, and the vertical line implies good 
capacitive behaviour of the supercapacitor.  
To evaluate the stability, capacitance retention is calculated and plotted against the 
number of cycles. Sample NCO-a (Ni/Cu=4), NCO-b (Ni/Cu=3.5) and pure nickel oxide 
were also tested up to 1500 charge-discharge cycles using a specific current of 4 A g
-1
. 
NCO-b experienced about 8% capacitance reduction. NCO-a underwent 10% capacitance 
fading, while the pure nickel oxide yielded about 13% fading (Figure 6.8b). Although it 
is challenging to compare accurately the performance of the active material due to a large 
 106 
 
number of variables, a rough comparison and the corresponding conclusion can be made. 
Since the compositional ratio should be the major limiting factor accountable for this 
difference, considering the fact that the morphologies of all the samples resemble each 
other and the mass loading of all the samples are almost the same, it is epitomized that 
the incorporation of copper can significantly boost the performance of nickel oxide when 
Cu/Ni ratio is about 1/3.5. Overall, the impressive areal and specific capacitances based 
on the total weight of active material and carbon fiber paper as well as the high rate 
capability suggest that a proper nickel copper oxide is suitable for high performance 
supercapacitors. 
Up to this point, the discussed electrochemical performance of this material is only 
confined to three-electrode configuration. In order to test the feasibility of nickel copper 
oxide grown on carbon fiber paper in real application, an asymmetric device has also 
been fabricated with NCO-b as cathode and reduced graphene oxide as anode, KOH as 
electrolyte. The charge balancing of the positive electrode (NCO) and negative electrode 
(reduced graphene oxide or RGO) has been used to determine the optimal mass of active 
materials before the test, where the mass of NCO is 4 mg and the mass of RGO is 28 mg. 
Quasi-rectangular CV geometry can be observed in Figure 6.9b. Negligible redox peak 
can be observed, despite the electrode starting to exhibit resistive behavior at extremely 
high scan rates. This is mainly attributed to a contribution of the polarization or sluggish 
kinetics of the ion diffusion which reduce charge transport. The charge-discharge curves 
(Figure 6.9c) have slight nonlinearities, suggesting some contribution of the redox 
reaction of NCO. Specific capacitances of the asymmetric supercapacitor are calculated 
from galvanostatic charge-discharge results on two bases: one is the total mass of active 
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materials of the anode and the cathode; the other is the total mass of active materials plus 
current collectors (carbon paper substrates). Notably, the capacitance can reach 197 F g
-1
 
at 0.5 A g
-1
 (4 mA cm
-2
) for the asymmetric supercapacitor full cell device, and the value 
 
Figure 6.8 (a) EIS of all the samples; (b) Cycling performance of sample a,b and pure nickel 
oxide 
does not decrease much, becoming 109 F g
-1 
per total mass of the active materials and 
substrates. Ragone plot (energy density vs. power density) is demonstrated in Figure 
6.9d to show the overall performance. The results demonstrate that the highest energy 
density achieved is 70 Wh kg
-1
 at a power density of 287 W kg
-1
. At a high discharge 
current, the energy density can still preserve to be 49 Wh kg
-1
 at a power density of 1816 
W kg
-1
. The energy density per total mass of the active materials plus substrates is still 
high, 40 Wh kg
-1
. More importantly, the energy density is highly competitive with the 
latest asymmetric supercapacitor devices (NiCo LDH-Zn2SnO4//AC
[28]
:23.7 W h kg
-1
 at 




: 46.3 W h kg
-1
 at 102 W kg
-1
). The impressive device 





Figure 6.9 Performance of asymmetric supercapacitor full cell with NCO and RGO as the 
positive and negative electrodes: (a) Schematics of the asymmetric supercapacitor; (b) CV curves 
at various scan rates; (c) Galvanostatic charge-discharge curves at various current densities; (d) 
Ragone plots based on different masses basis. 
 
6.3 Conclusions 
Effects of Copper incorporation in nickel oxide are investigated. Nickel copper oxide 
are successfully grown on carbon fiber paper and then adopted as electrode for 
supercapacitor. The Ni/Cu ratio is adjusted to achieve an optimal performance. This study 
corroborates that nickel copper oxide is a promising material as supercapacitor electrode 
material. The direct growth of it on carbon fiber paper demonstrates satisfying 
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Chapter 7 Partial conversion of current collector into nickel copper 
oxide electrode materials 
After the success of copper incorporated nickel hydroxide (Chapter 4) and nickel oxide 
(Chapter 6), it is needed to continue research into the copper incorporated nickel 
hydroxide and confirm the beneficial effect of copper incorporation with further evidence. 
Thereafter, prepensely incorporating copper is  attempted and results presented in this 
chapter.  
7.1 Background 
Copper foam is chosen again as substrate/current collector and modification has been 
made on it to convert it partially into nickel copper oxide as electrode material. The high 
void content (90%) in the 3D porous substrate turns out to waste large void space for the 
growth of active materials. If active materials are enough to fill up all the holes, the 
resistance will be huge, compromising supercapacitor performance. To optimize, we 
fabricate nanoporous CuO on copper foam, and the size of holes between this architecture 
layers is by orders of magnitude smaller than commercialized copper foam. Different 
from previous two chapters, the copper source does not come from the added chemicals 
(copper salts); it comes from the current collector (copper foam). The method presented 
in this chapter has two merits: one is that the active material partly comes from the 
current collector, and thus the problem of poor adhesion/interface between active material 
and current collector does not exist anymore. The other is that the total weight of active 
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material and current collector is reduced, and the weight ratio of active material increases, 
which is favorable in the commercialization of supercapacitors.  
Most of the effort has been put on the active material itself only, rather than the entire 
components of a supercapacitor device (i.e. active materials, current collectors and 
electrolytes) as a whole. When considering the later application and packaging, the match 
of these three elements needs to be optimized, and an increase in weight percentage of the 
active material in the whole device is needed. Only then can the overall energy storage 
capacity be not compromised. 
Hitherto, three fabrication methods have been predominantly used to synthesize 
electrode materials. (1) Slurry-casting a paste containing nanoparticles, binders, and 
ancillary conducting materials onto a current collector.
[1-3]
 (2) Direct growth of electrode 
nanomaterials on the conductive scaffold/current collector.
[4-6]
 (3) Deposition of a thin-
film of active material onto a conductive collector substrate, such as a metal foil or tin-
doped indium oxide (ITO)-coated glass.
[7]
 The first method enables electrodes to be made 
from virtually any powdered material. However, the employment of binder can cause 
some problems, especially for pseudocapacitive electrodes. For example, some ―dead 
sites‖ are formed by ―burying‖ the surface of the active material,[8] and this will generate 
extra contact resistance which deteriorates the performance of the supercapacitor. For the 
second method, although fast charge/discharge kinetics are observed due to the presence 
of a highly conductive network throughout the electrode, achieving intimate adhesion 
between the material and the current collector remains challenging. For the third method, 
if the thickness of the film is too small, the capacitance and rate capacity may be 
overestimated. In addition, the total energy storage for such a structure is small. 
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Therefore, it would be beneficial for supercapacitor performance if part of a current 
collector can be converted into the active electrode material. 
Grounded in the aforementioned analysis, we propose and attempt to convert part of a 
current collector into the electrode material. Though the structure of the current collector 
(such as nickel foam, copper foam and stainless steel foam) is three-dimensional (3D) at 
the macro level, it is still flat at the micro level. Therefore, we attempted to increase the 
surface area of the foam structure by transfer the flat surface into nanowire structure in-
situ. The increased surface area/roughness will then facilitate the growth of other active 
materials on it. We hope that the example this work constitutes could have some 
application significance. This approach represents a new direction for enhancing the 
device performance of metal oxide/metal current collector-based electrochemical 
supercapacitors and can open new opportunities in the near future for designing high-
performance energy storage devices. 
Herein, the 3D hybrid electrode material was converted from the metal collector via a 
simple two-step process. First, CuO nanowires were obtained through the controlled 
oxidation of a piece of copper foam. Next, nickel copper honeycomb-like hybrids were 
achieved by hydrothermal reaction without the need of hard/soft templates or precipitate-
controlling agents. In our proposed approach, delamination of the electrode from the 
collector, a problem commonly faced when the electrode is grown on the collector 
directly, is not observed. This may be because the current collector (Cu) participates in 
the formation of active electrode in our collector-electrode conversion approach. 
Benefiting from the integrated structure, the obtained porous oxide could deliver a high 
specific capacitance of 2.97 F cm
-2 
at 5 mA cm
-2
. To demonstrate the applicability of our 
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design, both liquid and solid state asymmetric supercapacitors are also fabricated and 
compared in this report.  
Material preparation  
Synthesis of copper hydroxide nanowires: The typical reaction process for the 
synthesis of CuO nanowires was as follows. Firstly, copper foam (bought from Latech 
Scientific Supply, Singapore) was cut into small pieces. Then, a piece of copper foam (20 
mm×20 mm×1.5 mm) was cleaned in the ultrasonic bath with absolute ethanol and 
deionized water to remove adsorbed dust and surface contamination. Then, an aqueous 
solution was prepared by mixing 20mL of (NH4)2S2O8 (0.02 mol L
-1
) and another 20 mL 
NaOH (0.5 mol L
-1
) together. After a few minutes of stirring, the treated copper foam was 
suspended in the prepared solution. Then, the mixed solution was placed at room 
temperature for about 30 minutes (already optimized) and then the copper foam was 
extracted from the solution, rinsed with water and ethanol several times, and dried at 
80℃  in air. 
Synthesis of nickel copper oxide: The method we chose is hydrothermal method which 
has been interpreted in Chapter 3. The chemicals and concentrations used in this chaperts 
are: sodium acetate (2.5 mmol) and nickel sulfate (2.5 mmol) in 25 mL of deionized 
water. 
7.2 Results and Discussion 
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This work studies the collector-electrode conversion efficiency by employing a room-
temperature solution method together with the hydrothermal method, characterizing the 
samples and evaluating the energy storage performances.  
Different from many other methods, our approach does not use surfactants (such as 
CTAB (cetyltrimethyl ammonium bromide) /SDS (sodium dodecyl sulfonate))
 [9-11]
 or 
hydrolysis agents (such as urea)
[12-14]
 to obtain metal oxides, because it is difficult to 
remove the surfactant without destroying the structural integrity.
[15-16]
 Furthermore, from 
an environmental perspective, the use of chemicals should be minimized where possible. 
Besides, the rate of growth of the active material can be controlled more easily when 
fewer chemicals are consumed. Having good control is necessary to get high-quality 
material with better stability.
[17-18] 
 
7.2.1 Morphology, Crystal Structure and Composition 
The synthesis protocol is proposed and illustrated in Figure 7.1. Nanowires are first 
formed from the copper substrate via a controlled oxidation process. The nanowires are 
then transformed into a hybrid in the hydrothermal process. Figure 7.2a and a’ display 
the XRD pattern of the copper foam after controlled oxidation. It can be seen that the 
CuO peaks (JCPDS No.02-1067) are present in addition to Cu. After the hydrothermal 
process, as seen from Figure 7.2b and b’, in addition to the strong peaks of copper foam, 
the XRD pattern can be readily indexed to cubic Cu0.2Ni0.8O phase (JCPDS No.25-1049). 
However, because of the existence of solid solution CuxNi1-xO with similar crystal 




Figure 7.1 Schematic images showing the two-step collector-electrode conversion: from bulk 
copper (left) to copper oxide nanowires (middle) through controlled oxidation, and then nickel 
copper oxide electrode (right) through hydrothermal reaction. 
 
Figure 7.2 X-ray diffraction patterns of the material prepared in each processing step. (a and 
a’) After oxidation of copper foam; (b, b’) After hydrothermal reaction. 
A 3D network structure of copper foam, possessing flat and clean surfaces without any 
detectable oxide layer, can be observed in Figure 7.3a. After the controlled oxidation 
process, a 3D nanowires network was formed (Figure 7.3b). These nanowires were 
confirmed to be CuO based on the XRD pattern shown in Figure 2b. The nanowires, with 
a typical length of 2-3μm and a diameter of 20-50 nm, overlapped with each other, 
 118 
 
forming interconnected network. After the hydrothermal process in the second step, the 
nanowires became thicker and nano-walls were formed (Figure 7.3c and inset). The 
thickness of the wall is about 10–20 nm. The wall branches interconnect with each other, 
forming a self-supported 3D porous structure. The flakes are connected and form nano-
sized open channels. The morphology is similar to both the reported graphene pieces
[19-20] 
and the naturally existing honeycomb structure. The folding silk-like morphology 
(Figure 7.3b inset) further indicates its ultrathin nature. The honeycomb structure is the 
survival biologic structures after million-years of natural selection.
[21] 
This structure 
allows the minimum amount of materials to achieve light weight at low material cost.
[22] 
This morphology is suitable for supercapacitor application since the surface area is high 




Figure 7.3 Typical FESEM images of surface morphology of (a) original copper foam; (b) after 




Figure 7.4 (a) Transmission electron microscopy (TEM) image of a single copper oxide 
nanowire, and the inset is the SAED pattern; (b) TEM image of hybrid nickel-copper oxide 
(NCO); (c) SAED pattern of the hybrid nickel-copper oxide; (d) High resolution image of the 
hybrid nickel-copper oxide. 
  The TEM image (Figure 7.4a) shows that the CuO nanowires are thin and rough. The 
diameter of this nanowire is less than 20 nm. The SAED pattern (Inset of Figure 4a) 
reveals that the nanowires are CuO, in agreement with the XRD result. The NCO consists 
of nanosheets (Figure 7.4b), consistent with the observations from SEM images. The 
SAED pattern rings (Figure 4b) can be indexed to Cu0.2Ni0.8O, consistent with the XRD 
results. A TEM image of a typical nanosheet edge taken at a higher magnification shows 
that this ultrathin nanosheet consists of nanograins, and the lattice fringe spacing (Figure 
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7.4d) was measured to be 0.24 nm, corresponding to the {111} lattice spacing of 
Cu0.2Ni0.8O. 
To further understand the oxidation state of the as-prepared samples, X-ray 
photoelectron spectroscopy (XPS) was used. The surface information of the NCO/Cu 
could be found from the XPS results displayed in Figure 7.5. The peak at 852 and 870 
eV (Figure 5a) can be interpreted as a nickel (II) state according to literature.
[23-25]
 The 









was ascribed to nickel copper oxide, supporting 
the phase identification of Cu0.2Ni0.8O from XRD and SAED results. The composition of 
NCO is further checked by elemental mapping using scanning transmission electron 
microscopy (STEM). The elemental mapping images (Figure 7.6) clearly show that Cu, 
Ni and O coexist in the nanoflakes and are distributed uniformly, which are in good 
agreement with the XRD and SAED characterizations.   
 




Figure 7.6 STEM image (a) and the elemental mapping images for (b) Cu, (c) Ni and (d) O. 
The possible mechanisms for the formation of Cu0.2Ni0.8O are proposed as follows. 
When a piece of copper is immersed in the solution of sodium hydroxide and ammonium 
persulfate, Cu(OH)2, derived from the simple liquid-solid reaction (Equation 7.1), can 
nucleate and grow into nanowires on the copper substrate.  
Cu+4NaOH+(NH4)2S2O8→Cu(OH)2+2Na2SO4+2NH3+2H2O                                  [7.1]                                          
After drying in an oven, the copper hydroxide is transformed into copper oxide, and the 
reaction is shown in Equation 7.2.  
Cu(OH)2→CuO+H2O                                                                                                 [7.2]                                                                                                  
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The exact mechanism for the formation of nanowires is still unclear according to 
literature.
[28-29]
 We propose the following explanation: in a complex and non-equilibrium 
reaction system, the highly alkaline conditions favor the coordination of OH
-
 group to 
Cu
2+
 chains along one direction. Juxtaposing the chains and the difference in the growth 
rate of different crystal faces finally determine the nanowire morphology.
 [30-32]
  
To control the size and porosity of copper nanowires, the experimental parameter has 
been altered. When the time is short, the nanowires are scattered and short, but when the 
time is too long, agglomeration and other flakes could be seen. Thus we choose the 
optimized time (30 minutes) to grow the nanowires. 
In the second processing step, the sample obtained from the first step is immersed in a 
solution of nickel sulfate and sodium acetate. Hydrothermal processing is then performed. 
Since nickel and copper have similar radii and their oxides have similar crystal structure, 
they are able to precipitate together and Cu0.2Ni0.8O is formed (Equation 7.3).  
CuO+4NiSO4+8NaCH3COO+4H2O→5Cu0.2Ni0.8O+4Na2SO4+8CH3COOH          [7.3]                                                         
As the second step (hydrothermal) is performed under high temperature and high 
pressure hydrothermal conditions, the reaction is promoted. The detailed mechanism is 
still under investigation. 
7.2.2 Electrochemical Performance of Cu0.2Ni0.8O in three-electrode configuration 
To evaluate the electrochemical performance, cyclic voltammetry (CV) and galvanic 
charge-discharge (GCD) measurements were performed. The shape of the CV curves 




Figure 7.7 (a) Cyclic Voltammetry (CV) curves at different scan rates; (b) Galvanostatic 
charge/discharge(GCD) curves of the hybrid nickel-copper oxide  at different current densities; 
(c) CV curves at 10 mV s
-1
 and (d) GCD curves at 5 mA cm
-2
 of pure Cu foam, CuO on Cu foam 
and Cu0.2Ni0.8O on Cu foam. 
 
Figure 7.8 (a) Cyclic Voltammetry (CV) curves at different scan rates; (b) Galvanostatic 
charge/discharge curves of the CuO/Cu at different current densities. 







much reduced peak separation (only 0.16 V) of our Cu0.2Ni0.8O sample demonstrates 
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greatly enhanced reaction kinetics. This result shows high rate capability which is 
important in supercapacitor application. It is also noted that the shapes of CV curves do 
not vary much with the increase of scan rates (from 5mV s
-1
 to 50mV s
-1
). Only a slightly 
shifted peak position is observed, suggesting fast electron transport due to an excellent 
contact between Cu0.2Ni0.8O and the Cu current collector. Galvanic charge-discharge 
results are presented in Figure 7.7b, indicating a rapid response. The electrochemical 
performance of pure CuO nanowires synthesized from the first step is revealed in Figure 
7.8. We note since the current collector is consumed, the use of areal capacitance is more 
reasonable. The comparison of pure Cu foam current collector, CuO on Cu foam (product 
of the first step), and Cu0.2Ni0.8O on Cu foam (product of the second step) is shown in 
Figure 7.7c and Figure 7.7d. From the result, pure Cu foam has a very small capacitance 




Figure 7.9 Galvanic charge-discharge curves at small scan rates (1mA, 4mA, 8mA) of NCO. 
It can also be seen that the CuO itself does contribute to the supercapacitor 
performance. Since the weight decreases after the first step, the calculated areal 
capacitance of copper oxide nanowires is about 0.08 F cm
-2
. While an areal capacitance 
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of 3 F cm
-2
 is obtained for Cu0.2Ni0.8O. The above result also shows that the contribution 
of pure copper nanowires is very small (less than 3%) and the improvement after the 
hydrothermal step is significant (almost 40 times). The gravimetric capacitance results 
are estimated to be about 2300-2450 F g
-1
. (Note that the weight here is the weight gain 
before and after the growth. Though the Cu foam is consumed, the total weight is 
increased by 5mg after the completion of both processes.) 
It is known that that the specific capacitance value depends on the constant current 
density. A higher current density gives a lower specific capacitance because of ion 
diffusion and internal resistance. To show that our devices are primary energy storage 
devices with high rate capability, capacitances at high current densities are also measured. 
It is worth mentioning that the capacitance values do not decrease much from 1 mA 
(Figure 7.9) to 80 mA, indicating the good rate performance of the electrode. The 
capacitance achieved at 20 mA is 2309 F g
-1
, similar to the capacitance obtained at a low 
current of 1 mA. The counter ions hereby can reach or leave the surface of the 
Cu0.2Ni0.8O electrode quickly even at a high charge-discharge rate. In addition, 
Cu0.2Ni0.8O with thin layers can shorten the charge transport distance. Therefore, the 
porous honeycomb-like structures of Cu0.2Ni0.8O enable high dynamics of charge 
propagation and short electron transport paths and consequently improve the 
electrochemical performance, supporting literature expectations.
 [34-35]
  
Cycle life of a supercapacitor is a crucial parameter for its practical application. 
Galvanic charging/discharging measurement at 5 mA cm
-2
 is performed (Figure 7.10). 
Excellent specific capacitance retention is found, with only 6.5% decay after 1600 cycles. 
It is also observed that the structure/morphology remained almost intact after 1600 cycles 
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(From Figure 7.11 SEM image of the material after cycling). The good mechanical 
contact between the active material and the current collector derived from the direct 
oxidation of current collector is favorable for long cycles. The possible reasons for the 
remarkable electrochemical stability are: i) almost complete and uniform coverage of 
Cu0.2Ni0.8O on the copper foam which can provide equally efficient pathway for 
electronic and ionic transport. ii) Good contact between the active Cu0.2Ni0.8O electrode 
and the Cu current collector since the current collector itself participated in the formation 
of the active material. We used ultrasonication to test the quality of the contact. After 
ultrasonication for half an hour, no visible particles can be seen in the beaker and the 
weight change is less than 0.1%. (iii) The unique morphology of the honeycomb-like 
Cu0.2Ni0.8O is stable.  
 
Figure 7.10 Cycle performance of the hybrid nickel-copper oxide measured at a current density 
of 5 mA cm
-2




Figure 7.11 SEM images of the materials after 1600 cycles in liquid and gel electrolytes (a) 
KOH and (b) KOH/PVA. 
7.2.3 Full Cell of Cu0.2Ni0.8O Based Asymmetric Supercapacitors (ASCs) 
To further assess the NCO electrode for commercial application, ASCs have been 
fabricated and tested in both liquid electrolyte and solid electrolyte.  
Asymmetric supercapacitors consisting of anode, cathode, and electrolyte were made 
in this work (see Experimental Section). The advantage of a asymmetric full cell is the 
combination of a battery-like Faradaic electrode as the energy source and 
a capacitive electrode as the power source, offering the advantages of both 
supercapacitors (rate, cycle life) and advanced batteries (energy density).
[36-37]
 The 
attractive features lie in the high specific capacitance and the wider operating potential 
window. The weight ratio of RGO to NCO was controlled at about 5:1. This ratio was 
based on both experimental optimization and two theories. According to Zheng’s work 
proposing that the energy density could reach the maximum value when the ratio of 
negative electrode to positive electrode was 4:1.
[38]  
According to the theory of balancing 
the charge stored at negative electrode and positive electrode
[39]
 and by calculating the 
window and capacitance of the two electrodes, the mass should be 6:1. Thus we try and 
chose the optimal one to be 5:1. 
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The capacitive behavior of the full cell is investigated in this work. To avoid possible 
atypical data, the new full cell was polarized for a few cycles until stabilization
[40] 
and the 
stable electrochemical window was determined before cycling the full cell.
 
After tentative 
examinations, the stable potential window of the ASC can be determined to be 1.7 V 
without obvious polarization curves or observable oxygen evolution. It is found that the 
voltammograms remain the same without any obvious distortion even when the scan rate 
increases to 50 mV s
-1
. This suggests a desirable high-rate power delivery. The calculated 
specific capacitance of the asymmetric full cell is 2.03 F cm
-2
 (specific capacitance of the 
entire cell was calculated to be about 148F g
-1
) at a current density of 5 mA cm
-2
. The 
specific capacitance, energy density and power density of a supercapacitor is calculated 
from the galvanostatic discharge process following literature.
 [41-42] 
Figure 7.12a and 9b show CV curves at different scanning rates and galvanostatic 
charge/discharge curves at different current densities for the full cell. It can be seen that 
the CV curves are roughly rectangular, and the discharge curves are almost linear. Figure 
7.12c shows Ragone plots, in which the superior device performance of our asymmetric 
supercapacitor is highlighted. The gravimetric energy density (based on the weight gain 
of the active material in both electrodes, here 3+15=18mg) decreases only from 90 down 
to 53 Wh kg
-1
 when the power density greatly increases from 472 up to 1445 W kg
-1
. 
Since the weight of the active material cannot be estimated accurately, we also report the 
areal energy density and power density in addition to the gravimetrical ones. The areal 
energy densities (based on area of copper current collector, here is 2 cm
2
) of the full cell 
calculated is from 0.5 to 0.8 mWh cm
-2 
at the different power densities from 4.2 to 13 
mWcm
-2
. The match of energy density and power density of the full cell uncovers the 
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promising application of supercapacitors achieved by using this novel approach in 
converting electrode from part of substrate (current connector). 
 
Figure 7.12 Electrochemical performance of Full Cell device (a) CV curves of NCO as 
electrode in 1.7 V SCs using 1 M L
-1
 KOH as electrolyte; (b) Galvanostatic charge/discharge 
curves of the Full Cell device at different current densities; (c) Ragone plots relate to energy and 
power densities; (d) Nyquist plot for the device. 
Since the use of solid state electrolytes offers a number of desirable advantages such as 
ease of handling/packaging, scalability, less leakage, improved safety and flexibility, high 
reliability, wide operation temperature range, and so forth,
 [43-46] 
we have also assembled a 




From the CV curves in the three-electrode configuration (Figure 7.13a), the redox 
reaction in the gel electrolyte is less pronounced and the peak current is lower than that of 
the liquid electrolyte. The most recognizable difference from the shape of CV curves is 
the disappearance of the anodic peak. It has been reported that the insertion of bulky ions 
may shift the peak positions.
[47-48] 
 In our case, the redox peak shifted positively, 
overlapping the peak of oxygen evolution. This could because that inserting/expulsing 
bulky PVA chains in the solid electrolyte needs a higher overpotential than that of small 
ions in water. It is reasonable or understandable that the electrode in gel electrolyte 




Figure 7.13 (a) Cyclic Voltammetry (CV) curves at different scan rates; (b) Galvanostatic 
charge/discharge curves at different current densities using KOH/PVA gel as electrolyte in the 
three electrode configuration. 
To scrutinize the charge transfer, electrochemical kinetics, and internal resistance 
differences between the liquid and solid electrolyte, factors which influence the 
supercapacitor performance, electrochemical impedance spectroscopy (EIS) 
measurements are performed in the same setup as the CV and GCD studies. Figure 7.12d 




Figure 7.14 Electrochemical performance of Full Cell device using KOH/PVA gel as 
electrolyte (a) CV curves of NCO as electrode in different cell voltages using KOH/PVA gel as 
electrolyte; (b) Galvanostatic charge/discharge curves of the Full Cell device at different current 
densities; (c) Ragone plots relate to energy and power densities; (d) Nyquist plot for the device. 
polymer for the ASCs with enlarged high frequency regions (shown inset). Both have 
ideal electrochemical capacitance behavior, i.e., imaginary parts of impedance at the low 
frequency region are nearly linear, and a slightly depressed semicircle at higher 
frequency.
[50-51] 
In the high-frequency region, the intersection of the curve at real part axis 
indicates the bulk resistance of the electrochemical system (electrolyte resistance, 
intrinsic resistance of substrate, and contact resistance at the active material/current 
collector interface).
[52] 
The diameter of semicircle is determined by the charge transfer 
resistance (Rct) at the interface between the electrode material and the electrolyte.
[53] 
From the enlarged view of the higher frequency semicircles, it can be seen that the 
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supercapacitor with gel electrolyte has a slightly lower inner resistance but a larger 
charge transfer resistance. Better accessibility of the pores to the electrolyte ions of the 
liquid electrolyte than those of the gel electrolyte, which is confirmed by the reduction of 
the semicircle width, is shown. 
 
Figure 7.15 Upper: photos showing the full components: PVA/KOH gel electrolyte, positive 
and negative electrodes on copper foam; Lower:  the lightening of a LED, powered by our all-
solid supercapacitor full cell that uses PVA-KOH gel electrolyte. 
To evaluate the feasibility of our self-made supercapacitor device, the device was used 
to power small electronic devices. The device was fabricated by sandwiching a 
KOH/PVA gel between a positive electrode (our NCO/Cu foam) and a negative electrode 
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(RGO/Ni foam). Two pieces of filter paper were also used as the separator to avoid short 
circuit. Each component of the supercapacitor device is shown in Figure 7.15. It should 
be highlighted that this is a fully solid state supercapacitor without sealing and do not 
have the risk of liquid leaking. After charging for only 30 s to ∼1.75V, the device was 
able to light up a 5 mm diameter red light emitting diode (1.8 V, RS component) for 2 
minutes.  
7.3 Conclusions 
A nickel copper oxide electrode is converted from part of a copper collector (substrate) 
by two-step chemical processing without any surfactant or precipitate controlling agents. 
The advantage of this novel process is that the copper foam current collector itself 
participates in the formation of the active material so that the contact problem between 
active material and current collector does not exist anymore. A unique honeycomb-like 
morphology is formed on the electrode and was found to be stable. The application of this 
electrode/collector in supercapacitor is very promising. A high areal capacitance of 2.97 
F cm
-2
 at a current density of 5 mA cm
-2
 is achieved. An asymmetric full cell prototype 
has been assembled, using our material as the anode and reduced graphene oxides as the 
cathode. The ASC full cell is capable of affording a high areal capacitance of 2.03 F cm
-2
 
and energy density of 0.8 mWh cm
-2 
at room temperature in liquid electrolyte. A solid-
state supercapacitor full cell incorporating our material is assembled and shown to be 
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Chapter 8 Lightweight substrates (carbon fiber papers) supported 
nickel copper hydroxide 
From previous few chapters, it has been verified that nickel copper hydroxide/oxide 
demonstrated better performance than the pure nickel hydroxide/oxide. However, metal 
foams are chosen as current collector. Although, currently, metal foams (such as nickel 
foam) are generally employed to grow electrode materials. The remarkable advantage of 
using a metal foam substrate is that electrode materials can be grown on the substrate 
with high loading and excellent coverage. However, metal foam substrates have high 
mass density. For example, the high mass density of nickel foam (262 mg cm
-3
 for 
commercial foam with a thickness of around 1.6 mm) leads to a low gravimetric 
capacitance of 12-200 F g
-1
 per total weight of the electrode and substrate  despite the 
high specific capacitances of the active electrode materials. This value (12-200 F g
-1
) is 
calculated based on the results published (including ours). Therefore, it is desirable and 
imperative to grow electrode materials on lightweight current collectors (substrates). 
Thus, in this chapter, the growth of our copper incorporated nickel hydroxide material on 
lightweight substrate (carbon fiber papers (CFPs)) is studied. 
8.1 Background 
Lightweight and low-cost energy storage devices have gained wide interest as they are 
important in a variety of applications ranging from portable consumer electronics to 
vehicles. Supercapacitors have been the paradigm energy storage devices because of their 
desirable properties including high power density, fast charge-discharge rate and 
excellent safety.
[1-6] 
To further enhance the overall performance of supercapacitors, a 
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suitable match of both superior electrode materials and current collectors should be 
addressed. .  
For current collectors (substrates), using lightweight conductors is advantageous 
because it decreases the total weight of the device. This is important because the energy 
storage per total weight of an entire device (including substrate) is the main concern of 
industry and users. Carbon fiber papers (CFPs), which consist of a network of microsized 
carbon fibers, have been extensively employed in proton-exchange-membrane fuel cells, 
sensors and field-effect devices.
[7-8]
 Their unique interconnected porous structures allow 
them to immobilize active materials for the charge transfer. Their fascinating properties 
such as low sheet resistance (0.26 Ω cm-2),[9] large surface area, good physical strength, 
biocompatibility and lightweight architecture
[10]
 enable them to be employed as versatile 
scaffolds/current collectors for supercapacitor applications. Additionally, to overcome the 
low intrinsic conductivity of metal oxide/hydroxide, direct growth of such electrode 
materials on conductive substrates is needed. CFP, with reasonably high conductivity, is 
an excellent candidate for use as a light-weight current collector as it provides porous 
channels for low-resistant ion diffusion and nano-sized skeletons for fast electron transfer. 
However, the robust growth of electrode materials on CFP has always been a great 
challenge due to the surface incompatibility between the carbon fibers and the electrode 
materials.
[11] 
To improve their surface compatibility, oxidative treatments of carbon 
materials (such as using acids) have been attempted previously. Oxidative treatments 
could introduce numerous structural defects and oxygen-containing groups on the 
surfaces of carbon materials, facilitating the growth of metal oxide/hydroxide.
[12]
 
However, attaining complete coverage of electrode materials on carbon substrates 
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remains challenging in practice because of the lack of affinity between electrode 
materials and carbon/graphene. Besides, whether stronger interactions between the two 
materials guarantee superior cycling performance is still unknown. 
Based on the fact that CFP is hydrophobic while metal hydroxide is hydrophilic, we 
wonder if excellent growth of metal hydroxide on carbon fiber paper can be achieved by 
using a suitable solvent that wets both materials well. Ethanol has a polarity smaller than 
water, so its use may alleviate the difference. Thus, experiments were designed to explore 
the effect of ethanol on the growth of material on CFPs. 
Also, during the synthesis of metal hydroxide, in addition to metal precursor(s), other 
chemicals are also used typically. One type of such chemicals used serves the role of a 
precipitant. Examples of precipitants used include urea, hexamethylenetetramine (HMT), 
ammonia, NaOH, glycine, n-butyl amine, L-lysine and L-arginine.
[13-15]
 However, these 
precipitants are usually expensive and needed to be removed by further annealing and 
additional washing. Another chemical used is the solvent. It has been reported that 
solvents are crucial in synthesizing metal oxide/hydroxide, and organic solvents are 
generally employed.
[16-18]
 It will be advantageous from an environmental and economic 
perspective if the use of chemicals like precipitants and unsafe organic solvents can be 
avoided during synthesis. This is especially important for industrial mass production.  
In this work, we used only water, in addition to metal precursors (nickel acetate and 
copper acetate), for the hydrothermal synthesis of nickel copper hydroxide. To solve the 
problem of poor growth or coverage of nickel copper hydroxide on CFP, ethanol was 
introduced. The effect of ethanol on the formation, size and morphology of nickel copper 
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hydroxide has been studied. We found that the introduction of ethanol led to uniform 
growth, high capacitance and high energy density. Remarkably, very high specific 
capacitance (770 F g
-1
) and energy density (33 Wh kg
-1
) per weight of the whole device 
(excluding electrolyte and packaging) are obtained, owing to the high loading (growth) of 
the active material and the light weight of carbon fiber paper substrate. Such values were 
much higher than those (12-200 F g
-1
) of supercapacitors using metals as substrates.  
8.2 Results and discussions 
The direct growth of metal oxide/hydroxide on carbon materials is known to be 
difficult.
[11] 
From the SEM images in some published papers, the amount of active 
material grown on the carbon fiber paper is generally too small.
[19-20]
 Though nickel 
cobalt oxide has been reported to have good growth on certain carbon fiber papers,
[21]
 
unfortunately, we somehow failed to accomplish satisfying growth on untreated normal 
carbon fiber papers (CFPs) that were purchased commercially. To study the growth of 
active material on CFPs, self-hydrolysis of metal acetate precursors (i.e. nickel acetate 
and copper acetate) in water-ethanol mixtures was employed in this work. Any structure-
directing templates, bases, agents, surfactants or post-treatments were avoided to achieve 
economy and efficiency. We anticipate that such an approach can not only simplify the 
electrode-preparation process, but also retain the purity of the resultant hydroxides. 
Another consideration of greater importance is that the polarity of ethanol is smaller than 
that of water, and so it may somewhat alleviate the hydrophobicity difference between 




Figure 8.1 (a) Calculated D value from SAED patterns compared with JCPDS card;(b-
f)Selected area electron diffraction (SAED) patterns of materials synthesized with different 
volume ratios of water to ethanol(b) sample NCH-b(0% ethanol); (c) sample NCH-c(30% 





Figure 8.2 SEM Mapping of the material (a) image (b) Ni (c) Cu (d) O. 
 
Figure 8.3 XPS high-resolution spectra and curve fitting data of nickel copper hydroxide 
(NCH-d) (a) Ni2p; (b) Cu2p. 
To decipher the effect of ethanol on the formation of the nanostructures, parallel 
experiments have been carried out. The crystal phase is copper incorporated α-nickel 
hydroxide (JCPDS Card No: 38-0715, referred to as nickel copper hydroxide NCH in the 
following texts) based on the SAED patterns (Figure 8.1). The elemental mapping results 
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can be found in Figure 8.2. The surface chemical composition evolution can be 
determined by XPS, which is illustrated in Figure 8.3. The ratio of nickel to copper was 
about 0.8 to 0.2 according to ICP result. To simplify, we denote the nickel copper 
hydroxide grown on CFP with the volume concentration of ethanol at 0%, 30%, 50%, 
70% and 100% as NCH-a, NCH-b, NCH-c, NCH-d and NCH-e in the following texts. 
The morphology of NCH when pure deionized water was used as the solvent is shown 
in Figure 8.4. Samples prepared in separate runs were found to have the same limitations. 
From the images of two different NCH-a samples, the density of nano-clusters (NCH-a, 
0% ethanol) was not high enough. Thus the whole carbon fiber surface could not be fully 
covered. Some parts of the surface of the bare fiber were still smooth and clean, identical 
to that of as-purchased carbon fiber paper. In addition, Figures 8.4a and 8.4b show that 
the deposition of active material inside the framework of the CFP is non-uniform. It is 
found that the nanoflakes with different sizes were simply piled up on each other. 
 
Figure 8.4 SEM images of two samples of NCH-a grown on carbon fiber papers (condition: 
pure deionized water as solvent). 
In contrast, the morphologies of the material grown on CFP using water-ethanol 
mixtures as solvents were markedly improved. The SEM images of all the samples are 
shown in Figure 8.5. Figure 8.5a and 8.5b display typical low magnification images of 
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NCH-c (50% ethanol) grown on CFP. It can be seen that the material grown on CFP does 
not show bunching and aggregation. It is observed that the interlaced material thin flakes 
were uniformly coated over almost the entire skeletons of the carbon fiber paper; most of 
the carbon fibers were evenly wrapped by the material. The unique feature of material 
grown in the presence of ethanol is that each nanoflake has its own electrical/mechanical 
contact with the current collector. Thus, it is expected that the CFPs provide an effective 
electrical conduction path through the graphite fibers and good access to the electrolyte 
solution through the entire thickness of the substrate due to its three-dimensional 
microporous structure. Besides, the network configuration of nickel copper hydroxide 
could generate more active surface area and enhance the stability. When the volume of 
ethanol was high (NCH-d and NCH-e), the nanoflakes became big and some particles of 
the same material may coexist with the nanoflakes. Since the morphology of material 
grown in the presence of ethanol were quite similar, typical TEM images of the material 
grown in water (NCH-a) and in ethanol (NCH-c) have been examined. The results 
obtained, as shown in Figure 8.6, were consistent with the SEM images. The results 
demonstrated that ethanol was beneficial for the growth of NCH on the CFP, and the 
effect of its concentration on the morphology was not so pronounced in the mixed 




Figure 8.5 SEM images of nickel copper hydroxide (NCH) grown on carbon fiber paper (a) 
and (b) low magnification images of samples NCH-c  to show the effect of ethanol on nickel 
hydroxide coverage on carbon paper; (c) sample NCH-b (30% ethanol); (d) sample NCH-c 




Figure 8.6 Typical TEM images of NCH synthesized (a) pure deionized water (b) mixed 
solvents of ethanol and deionized water. 
To estimate the adhesion between NCH and CFP, we used ultrasonication to test 
whether the deposited active materials can be detached easily. After ultrasonication 
(37kHz, 100W) in pure water for half an hour, no visible particles were observed in the 
beaker containing sample NCH-c (50% ethanol). In contrast, floating particles were 
observed in the solution for the other beaker containing sample NCH-a (0% ethanol). The 
weight decrease for dried NCH-c was 3%, and that of dried NCH-a was 9%. From the 
results, together with the SEM images, it can be concluded that with the employment of 
ethanol, active materials can grow more firmly on the carbon fiber paper. In other words, 
the contact between the material and the substrate for the sample prepared employing 
ethanol is more intimate than that of the sample prepared in pure deionized water. 
 
 
The formation mechanisms of copper incorporated α-nickel hydroxide are proposed as 




 ions can be provided by three ways: (1) the hydrolysis 
of acetate (Equation 8.1); (2) the hydrolysis of ethanol (Equation 8.2); and (3) the 
cleavage of C-O bond in the ethanol derivative such as NixCuyO(OH)m(OCH2CH3)n 












                                                                      [8.2] 
The gradual release of OH
-
 from hydrolysis of the acetate and ethanol at elevated 









down reaction, on the other hand, can provide controlled nuclei formation and subsequent 
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crystal growth (Equation 8.3). In addition, a slow production of OH
- 
that keeps the system 
buffered at near neutral pH can be considered as a key determinant, which is crucial for 









=NixCuy(OH)2                                                                              [8.3] 
The aforementioned results demonstrate that nickel copper hydroxide can grow well on 
carbon fiber paper in the presence of ethanol. These results suggest that a high coverage 
or good growth of active material on carbon fiber does not necessarily require the 
presence of surface defects as commonly believed.
[12]
 Amazingly, our results show that 
adding ethanol in the solution can also achieve superb coverage of active material on 
carbon. The reasons behind this phenomenon need exploration. We have searched 
literature, but cannot find the effect of ethanol on the growth of metal hydroxide on the 
carbon fiber paper. We believe that because carbon fiber is hydrophobic, it is hard for the 




Figure 8.7 Contact angles between different solvents and carbon fiber paper.(a) 0% ethanol; (b) 




Figure 8.8 Schematic illustrations of the formation and growth of nickel copper hydroxide 
(NCH, green color in the Figure) on carbon fiber paper in different solvents.(a) Formation and 
attachment of NCH seeds on carbon fiber paper; (b) Final morphology of NCH in different 
solvents. 
Table 8.1. Capacitances and active material loading of NCH /carbon fiber paper (CFP) based 
supercapacitors with respect to different solvents calculated based on galvanic charge-discharge 































NCH-a  0% 1.75 1.39 794 292 
NCH-b  30% 2 1.59 783 319 
NCH-c  50% 2.25 3.14 1362 598 
NCH-d  70% 2.5 2.96 1134 539 
NCH-e  100% 2.75 2.88 1049 501 
 
we performed contact angle measurements using different solvents (pure water, pure 
ethanol and their mixtures) on carbon fiber paper. The results can be found in Figure 8.7.  
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It is clear that with the addition of ethanol, the contact angle decreased significantly. 
This will make the nucleation of active material on carbon paper much easier in the 
solvent containing ethanol compared to that in pure DI water. The improved wettability is 
very important for the uniform hydrothermal growth in the subsequent steps, as revealed 
by the SEM images. This is also supported by the increase of loading of active material 
listed in Table 8.1. 
 
Figure 8.9 Comparison of CV and discharge curves of different samples synthesized at 
different solvents. 
Table 8.2. Electrochemical performance of metal oxides/hydroxides on carbon fiber paper 









































NiO/CFP 1 mA cm
-2





P   2 mA cm
-2
 











MnOx/CFP 0.61 A g
-1






9.8 1.42 465 130 
2013
52 
NCH/CFP 2 mA cm
-2
 




To investigate the effect of ethanol on the electrochemical properties, the as-prepared 
composite samples (active materials and carbon fiber papers) were evaluated in 1 mol L
-1
 
KOH electrolyte. The electrochemical properties of all the samples obtained at different 
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concentrations of ethanol are compared in Figure 8.9. When pure deionized water (NCH-
a) or pure ethanol (NCH-e) was used as the solvent, the separation of redox peak in the 
CV curves was bigger, implying that the electrochemical reversibility was not good if 
only water or ethanol was used. The specific capacitances calculated from the discharge 
curves for NCH-a, NCH-b, NCH-c, NCH-d and NCH-e are listed in Table 8.1. 
Galvanostatic charge-discharge (GCD) results are used for comparison because this 
measurement is reported to be the most reliable and accurate method for evaluating the 
capacitance of electrodes compared to either cyclic voltammetry or impedimetric 
methods.
[34-36] 
Corresponding specific capacitances per total weight of the whole 
electrodes (CFP plus NCH) are also listed. The trend of the change was reasonable and 
consistent with the SEM results. When the volume concentration of ethanol was 50%, the 
flakes were thin and the coverage was excellent without any particles or aggregations, 
which endowed fast transportation and more accessible sites for ions. A comparison of 
the electrochemical performance of various metal oxide/hydroxide on carbon fiber paper 
based supercapacitors published recently in literature is displayed in Table 8.2. 
Attractively, the capacitance of our result per total weight of the active material and the 
substrate was 596 F g
-1
, much higher than the rest, even higher than RuO2 grown on CFP 
(84 F g
-1
), which showed the competitive advantage of our approach.  
NCH-c (50% ethanol) is the best sample among all the NCH/CFP composites as stated 
in Table 8.1, thus detailed discussion is added here. The cyclic voltammetry (CV) curves 
of the NCH-c at scan rates ranging from 1 to 25 mV s
-1
 are shown in Figure 8.10a. The 
redox current peaks during the anodic and cathodic sweeps were explicitly observed for 
each electrode, which can be attributed to the intercalation/extraction of OH
-
 ions into/out 
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of nickel copper hydroxide interlayer’s and the simultaneous reduction/oxidation of Ni2+ 
ions. It is interesting that one couple instead of two couples of redox peaks appeared. One 
explanation is that the redox peak of copper overlaps with nickel and becomes a broad 
peak; the other is that copper does not contribute to the electrochemical performance, and 
it only serves as an element to stabilize α-Ni(OH)2. It is exhibited in the Supporting 
Information Figure 8.11 that carbon fiber paper itself had negligible current response 
compared to the one with active materials. This potential contribution from the carbon 
fiber paper itself when calculating specific capacitance can be ruled out. Galvanostatic 
charge-discharge profiles are shown in Figure 8.10b. The specific capacitance calculated 
based on the weight of active material from charge-discharge can reach up to 1397, 1362, 
1798, 1766, 1258 F g
-1
 at current densities of 2, 3, 5, 7.5, 12.5 mA cm
-2
. The lower 
specific capacitances at 2 and 3 mA cm
-2
 can be because the test was started from the 
smallest current upwards. Thus, the charge storing ability of the material was not fully 
activated initially. The results showed that the capacitance measured at 12.5 mA cm
-2
 is 
degraded only by 10% compared to the capacitance measured at 2 mA cm
-2
, which 
suggested good rate capability. No obvious decrease in capacitance was observed for the 
supercapacitor at increasing current densities, showing that the supercapacitor can 
effectively work at a wide range of current densities. The uniform distribution without 
cracks, ample utilized ion-accessible surface area and intimate contact are the most likely 
reasons for the significant improvement in rate capability. The specific surface areas of 




 as calculated by the 
Brunauer-Emmett-Teller (BET) method. We notice that the capacitance at higher current 
density can even be larger than that at lower current density. The calculated capacitances 
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per total weight of carbon fiber paper plus active material achieved 598, 584,770,757,539 
F g
-1




Figure 8.10 (a) CV curves at different scan rates (b) GCD curves at different discharge currents 
of the electrodes synthesized in mixed solvent of water and ethanol (NCH-c, percentage of 
ethanol:50%) for supercapacitors application. 
 
Figure 8.11 Comparison of CV curves at 1mV s
-1
 between NCH grown on carbon fiber paper 
and the pure carbon fiber paper. 
The cycling stability of NCH-c was evaluated by repeating the galvanostatic charge-
discharge tests at a current density of 5 mA cm
-2 
for 3000 cycles, as depicted in Figure 
8.12b. No remarkable capacitance decay appeared during the 3000 cycles. The 
capacitance went through a small variation (10% at most) during the cycling. These 
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results demonstrated that the as-prepared sample was very stable during the cycling test. 
The solution remained transparent after the cycling, which indicated a minimal 
dissolution of nickel copper hydroxide into the solution, suggesting that the bottom of 
NCH is anchored to the surface of the substrate. 
 
Figure 8.12 (a) Electrochemical impedance spectra of NCH/CFP hierarchical structures; (b) 
Capacitance retention vs. cycle number of the nickel copper hydroxide material. 
To investigate the effect of ethanol on the electrode kinetics, electrochemical 
impedance spectroscopy (EIS) measurements were performed for all samples, as 
illustrated in Figure 8.12a. Both the sample prepared in pure deionized water and the 
samples prepared in the mixture of ethanol and water demonstrated a similar form with 
an arc in the higher frequency region and a spike at a lower frequency. At high frequency, 
the intercept of the curve at the real part indicates the resistance of the electrochemical 
system (RESR, which includes the inherent resistance of the electroactive material, ionic 
resistance of electrolyte, and contact resistance at the interface between electrolyte and 
electrode).
[37-38] 
The corresponding RESR value was very low, being 1.18, 1.06, 1.00, 1.32 
and 1.60 Ω for the 0%, 30%, 50%, 70% and 100% volume concentration of ethanol (from 
NCH-a to NCH-e), respectively from the fitting data. The sample with the lowest RESR 
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value was found having the highest capacitance as showed in Table 8.1, suggesting the 
importance of electron transport. The different trends of RESR and capacitance values can 
be due to the weight difference of the active materials shown in Table 1. At the low 
frequency region, the linear part of the impedance plots is corresponding to Warburg 
impedance W, which is described as a diffusive resistance of OH
-
 inside NCH/CFP 
electrode. We used an equivalent circuit to obtain the Warburg constants of the five 
samples. The results were 2.9, 20.9, 6.7, 22.1 and 2.9 Ω s-1/2, for sample prepared using 
0%, 30%, 50%, 70% and 100% ethanol concentrations, respectively. The Warburg slopes 
for samples synthesized using 0%, 50% and 100% ethanol were higher than for the other 
samples, indicating faster ion diffusion for their ordered intercalation structure and more 
uniform pore size distribution. Correlation of the capacitance and Warburg constant 
appeared to be present for samples prepared with 30%, 50% and 70% of ethanol 
concentration, but we could not understand why they were not present for the other two 
samples.  
On account of the good performance of NCH-c/CFP prepared with the assistance of 
ethanol, and to further evaluate the practical application potential, an asymmetric 
supercapacitor (ASC) has been made by using the NCH-c/CFP electrode as the cathode 
(since NCH-c has shown the best performance) and the reduced graphene oxide (RGO) 
on another CFP as the anode. For supercapacitors, it is well-known that the charge 





, where the stored charges are related to the specific capacitance (C), the potential 
window (U), and the mass of the electrode (m) according to q = CUm.
[39]
The potential 





, while that of NCH-c is around 1400 F g
-1
. Therefore, the optimal mass ratio 
between the electrodes should be around 5 in the present ASC device. The loading 
amount of positive and negative active materials is 5 mg and 25 mg, respectively, with 
the total loading of 30 mg. Figure 8.13a exhibits CV curves of the electrode-optimized 
supercapacitor device at different scan rates from 0 to 1.65 V. It displayed a quasi-
rectangular CV geometry as EDLC, indicating the fast charge propagation within the 
electrodes. Galvanostatic charge-discharge curves at various current densities are further 
illustrated in Figure 8.13b.  The specific capacitance can reach 143 F g
-1
 at 1 mA cm
-2
 
and still maintains 118 F g
-1
 at 15 mA cm
-2
. Figure 8.13c and 8.13d shows the Ragone 
plot (i.e., energy density vs. power density) of ASC device based on weight and volume 
of the positive and negative electrodes. The NCH//CFP asymmetric cell exhibited an 
energy density of 54 Wh kg
-1
 per total weight of active materials of both electrodes 
(nickel copper hydroxide plus reduced graphene oxide) at a power density of 272 W kg
-1
, 
and maintained 44 Wh kg
-1
 at a power density of 1042 W kg
-1
. Extraordinarily, the 
energy density value per total weight of both electrodes and two pieces of carbon paper 
substrates in the device can reach 33 Wh kg
-1
 at a power density of 170 W kg
-1
. And 
maintained at a value of 28 Wh kg
-1
 at a power density of 651 W kg
-1
. To show the 
superiority, we use our other similar sample (nickel copper oxide) grown on nickel foam 
as comparison.
[40]
 The energy density can reach 90 Wh kg
-1
 per total weight of the 
electrodes. However, when the weights of nickel foams are included, the energy density 
decreases to one-ninth, reaching a value of 10 Wh kg
-1
. It is impressive that when the 
weight of two pieces of carbon fiber paper is added, the value only decreases by half, 
indicating the great advantage in using carbon paper as current collector or substrate, as 
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the total weight of the device is much lower than devices using metal foams. Not so many 
papers nowadays report the energy density and power density based on the total weight of 
the positive and negative electrodes (together with the current collector). Thus it is very 
hard to compare the energy density per total weight of electrodes and substrate with theirs. 
However, we note that the energy density per total weight of electrodes and substrate of 
our NCH-c/CFP device is comparable to the energy density of other high performance 
devices in the literature, even if only the weight of the active material is considered in 
their reports (46.7 Wh kg
-1





Moreover, some papers adopt the vacuum filtration method and avoid the use of current 
collector when they use graphene as both the support and conductive path for nickel 
hydroxide.
[25]
 The highest energy density they achieved is 18 Wh kg
-1
. Our advantage is 
that the carbon fiber paper is cheaper than graphene, which can be commercialized in the 
future. Also, the total energy of our devices is very high (48 mg×33 Wh kg
-1
=1.58 mWh) 




Figure 8.13 (a) CV curves of the full cell at various scan rates; (b) Charge–discharge curves of 
the cell at various constant current; (c) Ragone plots of the asymmetric supercapacitor on a 
weight base; (d) Ragone plots of the asymmetric supercapacitor on a volume base. 
The good electrochemical performance of the NCH//CFP can be mainly attributed to 
the following factors: firstly, the ultrathin nanoflakes interconnected with each other 
constitute well-arranged networks on the surface of carbon fiber prepared in the presence 
of ethanol, resulting in a large contact area and integrated electrode configuration; 
secondly, the loose and open channels within the electrode matrix provide efficient and 
fast electron and ion transport pathways; and thirdly, the electrode material prepared 





In summary, nickel copper hydroxide could successfully grow on carbon fiber paper 
with the employment of ethanol in the synthesis solution by a one-step facile method 
using only acetates as the precursors. The effect of ethanol on the growth and 
electrochemical performance has been investigated. It is found that ethanol can greatly 
enhance the growth of metal hydroxide material on the carbon fiber paper. The low-cost 
and sustainable preparation method to grow active material with high quality on 
lightweight current collectors has significant potential for wearable and lightweight 
energy storage devices. These architectures with good contact show superior 
electrochemical storage properties even based on the total weight of the electrodes as a 
whole (the weight of carbon fiber paper is also included). The capacitance from three-
electrode configuration can reach 770 F g
-1 
per total weight of both active material and 
carbon fiber paper substrate. The two-electrode asymmetric supercapacitor could lead to 
high gravimetric, areal and volumetric energy densities of 33 Wh kg
-1





, respectively. More importantly, this fabrication of high performance full 
cell without metal current collectors and binders signifies the possibility of achieving a 
supercapacitor with very high capacitance and greatly reduced weight. 
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Chapter 9 Conclusions and Future Work Recommendations 
9.1 Conclusions 
This work initiated the novel idea and research of incorporating Cu into nickel oxide 
and hydroxide for high performance supercapacitors.  A systematic study for the 
exploration of copper incorporated nickel oxide/hydroxide active material, growth and 
properties for high-performance supercapacitors has been performed. Nickel copper 
oxide and hydroxide electrode materials are found beyond the performance of the well-
studied other nickel-based ternary oxide/hydroxide such as nickel cobalt oxides. 
Based on the experimental observation and detailed study, the contribution or novelties 
of this thesis work are summarized below: 
(1) When synthesizing nickel hydroxide using a chemical bath deposition (CBD) 
method with different substrates, nickel foam, copper foam and carbon paper, it is found 
that the substrate plays a crucial role in material morphology, even the composition of 
electrode materials. Especially, the employment of copper foam substrates resulted in the 
formation of Ni-Cu hydroxide. The growth mechanism of hybrid Ni-Cu spherical double 
hydroxide (SDH) is proposed to be due to the formation of Cu[NH3]4
2+ 
complexation 
with the Cu coming out of the copper foam substrate. Analysis based on transmission 
electron microscopy (TEM) and elemental mapping provides clear evidence that copper 
is successfully incorporated into nickel hydroxide matrix. Significant enhancement in 
specific capacitance and other performance is observed for copper incorporate samples. 
The as-obtained nickel copper hydroxide delivered a capacitance of 1970 F g
-1
 after 
deducting the contribution from the substrate (here copper foam), which is almost twice 
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higher than the pure nickel hydroxide (1096 F g
-1
) grown on nickel foam at the same 
conditions. The improvement after copper incorporation is obvious. 
(2) The previous method described above accidentally obtained copper nickel 
hydroxide by substrate dissolution, but whether it is true for nickel oxide with copper 
incorporate by using other means was still ambiguous. Thus, copper salt is purposely 
added into the precursor and a more controllable method——hydrothermal method is 
resorted. In addition, nickel (not copper) foam substrate was used. X-ray Diffraction 
(XRD), Selected Area Electron Diffraction (SAED) patterns and X-ray Photoelectron 
Spectroscopy (XPS) analysis verify the existence and the formation of A new phase of 
nickel copper oxide (Cu0.2Ni0.8O). The copper incorporated nickel oxide again shows 
much higher performance comparing with the sample without copper. At 50 mV s
-1
, with 
the 50-fold increment in the normal sweep rate, this material (Cu0.2Ni0.8O) synthesized at 
120 degree still retain 79% of the capacitance compared to that at 1 mV s
-1
, while the 
value of pure nickel oxide has shown only 33% retention, which demonstrates that a great 
enhancement of rate capability can accomplished. Again the nickel copper oxide 
synthesized by this different method shows high capacitance and energy density. Two 
series asymmetric supercapacitor devices using this nickel copper oxide as anode can 
light light-emitting diode (LED) indicators (green 2.7 V; red 1.8 V) and run a fan (3 V).  
(3) As indicated above, nickel copper oxide was a favorable supercapacitor electrode. 
However, the effect of the nickel to copper ratio is still vague. Thus, a systematic study 
on the Ni/Cu ratio of nickel copper oxide to supercapacitor performance was carried out. 
The results demonstrate that copper incorporation did not render an influential change in 
the surface morphology generally. Noticeably, as the Cu/Ni ratio increases, the current 
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density and the integrated charge basically increase and then reach a maximum at the 
composition of 1/3.5. After this point, the addition of Cu in the precursor decreases the 
supercapacitor performance. The highest energy density achieved by adopting the nickel 
copper oxide with the optimal ratio is 70 Wh kg
-1
 at a power density of 287 W kg
-1
. At a 
high discharge current, the energy density can still preserve to be 49 Wh kg
-1
 at a power 
density of 1816 W kg
-1
. To the best of our knowledge, the energy achieved is among the 
top 10% reported for nickel based materials. Another important achievement, possibly 
more important, is that the energy density per total mass of the active materials plus 
substrates is very high, 40 Wh kg
-1
. This achievement owes to the overcoming difficulties 
and the success in high-load growth of the active material on light-weight carbon fiber 
papers in this work. 
(4) Nickel copper hydroxide is achieved by serendipitous substrate dissolution (refer to 
the second point (2). This thesis work also continues to purposely convert part of the 
substrate (copper foam) into active nickel copper oxide material, attempting to increase 
the surface area of the foam structure by transfer the flat surface into nanowire structure 
in-situ. The increased surface area/roughness will then facilitate the growth of other 
active materials on it. Benefiting from the integrated structure, the obtained porous oxide 
could deliver a high specific capacitance of 2.97 F cm
-2 
at 5 mA cm
-2
. This approach 
represents a new direction for enhancing the device performance of metal oxide/metal 
current collector-based electrochemical supercapacitors and can open new opportunities 
in the near future for designing high-performance energy storage devices. 
(5) During the synthesis of nickel oxide/hydroxide, in addition to metal precursor(s), 
other chemicals are also used typically in literature as well in our aforementioned projects. 
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It will be advantageous from an environmental and economic perspective if the use of 
chemicals like precipitants and unsafe organic solvents can be avoided during synthesis. 
This is especially important for industrial mass production.  However, the incompatibility 
between hydrophobic carbon fiber paper and hydrophilic metal oxide/hydroxide remains 
a challenge. It has been found that the introduction of ethanol led to uniform growth, high 
capacitance and high energy density. Remarkably, very high specific capacitance (770 F 
g
-1
) and energy density (33 Wh kg
-1
) per weight of the whole device (excluding 
electrolyte and packaging) are obtained, owing to the high loading (growth) of the active 
material and the light weight of carbon fiber paper substrate. Such values were much 
higher than those (12-200 F g
-1
) of supercapacitors using metals as substrates.  
9.2 Future Work Recommendations 
Based on the substantial experimental results, scientific discussion presented and 
conclusions drawn from this thesis work, several potential directions for future research 
can be highlighted below: 
(1) A comprehensive understanding of the effect of copper is still unclear. 
Understanding the exact reasons behind this improvement after copper incorporation is 
needed. Computational simulation will be a supplement and complement to the 
experimental results.  
(2) A direct extension of this study is to change electrolytes. The electrolytes used in 
this work are mainly potassium hydroxide aqueous solution. It suffers from narrow 
potential window. Changing the electrolyte is considered be another research aspect to 
further improve the energy density. Room temperature ionic liquids (RTIL), which 
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exhibit high ionic conductivity, large electrochemical windows (up to 7 V), excellent 
thermal stability (-40 to +200 °C typical), and characteristics of being nonvolatile, 
nonflammable, and nontoxic, could be a judicious solvent choice. Besides, the absence of 
any solvation shells around RTILs reduces the EDL thickness and simultaneously 
increases their accessibility to penetrate porous electrode. 
 
 
